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Forward

Controlled Release Systems impact the health and well being of tens of millions of
people every year. And yet, it is a relatively new field built both on solid funda-
mentals of chemistry and mass transport, as well as new discoveries in materials
science and biology. It is also an interdisciplinary field and involves the conver-
gence of a broad range of engineering, scientific, and medical disciplines. Ron
Siegel, Juergen Siepmann, and Mike Rathbone have put together a book that
explains and discusses the fundamentals of this field.

Fundamentals and Applications of Controlled Release Drug Delivery examines
various aspects of fundamentals of drug delivery from why and when controlled
release is needed to the different mechanisms and processes involved, including
aspects of mathematically modeling these systems. This work also covers bio-
degradable polymers, hydrogels, hydrophobic polymers, and other materials of
significance. A significant portion of this volume is devoted to delivering drugs
over both the right time period and to the right place in the body. Mechanisms of
release for achieving appropriately timed drug release such as diffusion, swelling,
osmosis, and polymer degradation are discussed. For accomplishing targeting to
the right place in the body, approaches such as nanosystems, liposomes, and
receptor targeted release are examined. Finally, various selected applications
of drug delivery are evaluated. These include cancer, heart disease, vaccines, and
tissue repair. The need for sophisticated drug delivery systems which take into
account circadian and other physiological rhythms is also explored.

As the twenty-first century emerges, there is little question that drug delivery
will play a major role in health care. This book will clearly help those who want to
design and utilize these important systems.

Cambridge, MA, USA Robert Langer, Sc.D.






Preface

This volume provides an overview of fundamental principles relating to the science
and technology of drug delivery. It approaches the subject from a mechanistic
perspective using language that is understandable to those entering the field and
who are not familiar with its common phrases or complex terms. It provides a
simple encapsulation of concepts and then expands on them as the reader progresses
through the book. Once the concepts are laid out, applications to various disease
states are described in detail.

Drug delivery is an interdisciplinary field concerned with the proper administra-
tion of bioactive compounds to achieve a desired clinical response in humans or
animals. Drug delivery is beneficial to billions of people (and animals) worldwide
and is achieved by designing and developing technologies that modify the temporal
and spatial drug release profile, resulting in enhanced product safety and improved
patient convenience and compliance. Rational design of a drug delivery technology
requires the convergence of many fields of science and engineering.

Technologies have been developed for delivery of bioactives via many routes of
administration including the oral, topical (e.g., skin), transmucosal (nasal, buccal/
sublingual, vaginal, ocular, and rectal), and inhalation routes. A broad range of
bioactive compounds are incorporated into delivery technologies, from simple
molecules to peptides and proteins, antibodies, vaccines, and gene-based drugs.
A well-designed drug delivery technology offers the advantages of reduction in
dose frequency, a more uniform effect of the drug over time, reduction of drug side
effects, reduced unwanted fluctuations in circulating drug levels, and extension of
the commercial value of a drug or formulation. Disadvantages of drug delivery
systems include their high cost, and sometimes a decreased ability by the clinician
or patient to adjust dosages.

The outcomes of recent efforts in the field of drug delivery are rapidly emerging,
as is expansion of knowledge of the underlying science. Recent advances include
the development of targeted delivery systems in which the drug is only active in a
specific area of the body such as cancer tissues, microscopic novel long acting

vii



viii Preface

formulations such as microparticles and nanoparticles in which the drug is released
over a period of time in a controlled manner, liposomes, in situ forming implants,
and drug polymer conjugates.

This book is divided into six parts. The first part covers the value of drug
delivery, starting with a chapter written by Wilson on the advantages that drug
delivery brings and why drug delivery is needed to treat a specific condition. Terms
used in the drug delivery area are defined and controlled release resources are
identified. An overview of mechanisms of drug delivery is then provided in a
chapter by Siegel and Rathbone. The second part of the book covers polymeric
delivery materials and includes a description of the synthesis, manufacture, and
characterization of polymeric materials used to deliver drugs. Chapters emphasize
the need for materials characterization and the need to fully characterize
manufacturing processes to avoid process and product failures. Hydrophobic poly-
mers are discussed by Jones et al., hydrogels are reviewed by Omidian and Park,
and Burgess and Tsung co-author a chapter on biodegradable polymers The third
part of the book deals with temporal delivery systems and mechanisms. Siepmann
et al. author two chapters on diffusion and swelling controlled systems, Schwende-
man and Wischke provide a summary of degradable polymeric carrier systems, and
Siegel presents an overview of porous systems. In the fourth part concerning spatial
delivery systems and mechanisms, Minko provides a chapter on receptor targeted
release, Torchilin reviews liposomes for targeted drug delivery, and Fattal discusses
targeted delivery using biodegradable polymeric nanoparticles. The fifth part deals
with present and potential future clinical applications of controlled drug delivery.
This part begins with an extensive review of chronotherapeutics and drug delivery
by Smolensky et al., which is followed by chapters on approaches to treatment of
cardiovascular disease (Fishbein et al.), cancer (Bardhwaj and Ravi Kumar), and
infectious disease (Senel). A final chapter in the fifth part covers controlled release
in tissue engineering (Suggs). The sixth, final part is a future outlook consisting of a
chapter written by Dr. Stephen Perrett surveying the present and future regulatory
and commercial landscape for advanced drug delivery systems.

The Editors are indebted to the willingness and expertise of the authoritative
contributors who have donated their valuable time to write chapters for this volume.
Without them this book would not have become a reality.

Lille, France Juergen Siepmann
Minneapolis, MN, USA Ronald A. Siegel
Southport, QLD, Australia Michael J. Rathbone
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The Value of Drug Delivery



Chapter 1
The Need for Drugs and Drug
Delivery Systems

Clive G. Wilson

Abstract Disease processes and ageing require therapeutic intervention to ameliorate
or eliminate, when possible, the effects of pathologies on everyday living. Ageing is
associated with a gradual degeneration and subsequent alteration of the balance of
the body’s control systems. Drugs are useful therapeutic agents that interact with
cellular targets to produce an effect that amplifies or more usually blocks cellular
processes selectively, provided that dose and access are sufficient. This redresses the
balance in ageing and pathology to increase patient comfort. The relationship
between presentation of the drug and effect can be defined mathematically and is
used to calculate the target window for administration; however, both pathological
processes and ageing can alter exposure as changes occur in structure and function of
the body, leading to decreased control of drug effectiveness.

1.1 Introduction

Although health and well-being are best managed by appropriate diet and lifestyle,
human beings undergo a continuous progression toward old age, beset by infection
and incapacity. Disease is the general description of a health condition not caused
by the direct result of a physical injury and there are many approaches to categori-
zation of disease, as illustrated in Table 1.1. Diseases vary in severity, impact, and
individual susceptibility, and can be traced to a mixture of circumstance, exposure,
age, and predisposing factors. Disease processes have consequences or sequelae —
pathological processes or complications resulting from an adaptive change as the
body attempts to repair the damage caused by the disease process. For example, a
wound scars and there may be subsequent limitation in function, i.e., both structural

C.G. Wilson (<)
Strathclyde Institute of Pharmacy and Biomedical Sciences, Glasgow, Scotland, UK
e-mail: c.g.wilson@strath.ac.uk

J. Siepmann et al. (eds.), Fundamentals and Applications of Controlled Release 3
Drug Delivery, Advances in Delivery Science and Technology,
DOI 10.1007/978-1-4614-0881-9_1, © Controlled Release Society 2012
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Table 1.1 Alternative approaches for classifying diseases

Chronic
expression = Episodic
Acute

Individual affected
Societal Impact - Family
Epidemic

Birth defect
Genetic (Innate) =" Late expressed Metabolic disorder _  1¥Pe |l Diabetes, Glaucoma

Self-ham (smoking, drinking, drug taking)
Work-related (e.g. asbestosis)

» Causality approach =
Weight related health problems

Dietary - 5
Environmental (Experienced) -+ poor diet
Shock
Climate Sunbum, dehydration, frostbite
Disease -
| Palliative
| Management approach - =
Preventative

Neuronal tissue
Musculoskeletal
Cardiovascular
© System based approach /= Hormone
Immune disease
Infection and invasion
Ageing (Mental incapacity: Alzheimer's disease,

Pain

Dysfunction

Symptom based approach (| pegeneration |- Organ Failure

Fever

Depression, Delusion & Psychosis

and functional manifestations. Pathologies are generally identified by a characteristic
set of symptoms, which may together be described as a syndrome: the sum of the
signs of a morbid state whose characteristics were well-described initially but whose
underlying causality was not appreciated. Examples include Cushing’s syndrome,
Down’s syndrome, and Alzheimer’s disease.

The important characteristics of a disease are that functionality is disturbed and
that it may be associated with pain, deprivation of sleep, mood changes, and loss of
appetite which are distressing to the individual and to the caregiver.

Appropriate treatment of the body’s disorders by medicine and surgery is one of
the cornerstones of an advanced civilization. Achievement of valuable, high-quality
life experience is dependent on health and unfortunately, the human machine has
a limited span before disease and irreversible ageing processes limit function.
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A major goal of medical and drug therapy is to slow down, and sometimes reverse
the effects of infection, inflammation, injury, and overindulgence, and to counter
genetic predisposition to certain illnesses.

1.2 Why We Need Drugs

Drugs are needed to correct imbalances caused by genetic predispositions, ageing,
injury, and foreign invasion. They are sometimes needed as replacements, such as in
hormone therapy. Sometimes, drug therapy is directed to counter the growth and
development of injurious populations of cells by direct antagonism of their metabo-
lism. In such a system, the specificity of the toxic assault is very important. More
commonly, we use drugs to subtly adjust the changes that occur due to inadequate
endogenous compensation to physiological challenges. As an example, ageing
involves the loss of function and most drug therapy is accessed by ageing individuals
in order to counteract the effects associated with old age, as summarized in Table 1.2.
The inability to deal with these diseases produces frustration, a decrease in the
quality of life, pain, and depression.

The power of drugs was appreciated by the ancients and was associated with
religion and superstition. Systematic study of anatomy and physiology and reeval-
uation of old remedies drove mankind toward a systematized approach to research
and the birth of allopathic medicine, wherein the actions of compounds on tissue
receptors could be studied, transmitters and humoral agents could be identified, and
the dose—activity relationship could be quantified. Thus, the actions of drugs
discovered in the past, especially the plant-based medicines including salicylin,
digitalis, atropine, ergotamine, and opium, became better understood. Successful
treatment of illnesses with drugs was largely based on better purification and
analytical methods, robust hypotheses, and physiological and biochemical
measurements. At the turn of the nineteenth century, the age of chemistry led to
the synthesis of active small molecules, such as acetylsalicylic acid and
acetamidophen, the first concepts of targeting, Ehrlich’s “magic bullet,” and the
discovery of biopharmaceuticals beginning with molecules, such as penicillin.
Modern drug discovery and development now draw from the astounding advances
in the physical, chemical, and biological sciences that have occurred in the past
century and parallel innovations in engineering and manufacturing.

1.3 Drug Substances

A compound is classified as a drug if it has a reproducible effect on the body which
can be observed and, better still, measured. This is achieved by ligand binding of
the molecule to a receptor. However, not all ligands are useful drugs. This is partly
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Table 1.2 Changes associated with ageing

System Consequence

Central neurons Loss of fine muscular control,
cognition and memory. Loss of
senses. Depression.

Peripheral neuro- Loss of strength, muscle co-
muscular function ordination, sensory feedback.
Muscular Body mass Changes in blood

concentrations. Replacement of
muscle by fat. Weakness. Loss
of plasma protein, loss of
water. Changes in nutritional

status
Organ function Changes in clearance,
accumulation of toxins
Immune function Failure to control pro-

inflammatory events

Skeletal function Loss of bone mass including
dentition, fractures, loss of
mobility

Uncontrolled stem cell Cancer

activation

because of hindered ability to access and sustain sufficient concentration at the
intended site of action, poor discrimination of subtypes, or issues of stability. Drugs
cause their effects generally by mimicking natural transmitters or more commonly
by blocking receptors. Since drugs are usually released into the circulation, their
actions are analogous to hormones, whose action is distal to the point of release.
Drugs with high specificity act at low concentration on a particular receptor
subtype, whereas global pharmacons act on a variety of receptor types simulta-
neously. To understand the implications of this, the process of physiological
balance or homeostasis must be considered.
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1.4 The Importance of Accelerators and Brakes
in Homeostasis

The human system attempts to produce a consistent homeostasis, with tissue
activities held in balance by the influence of opposing drives. Standing, walking,
and digestion all involve sequences of different muscles operating in a programmed
order. Thus, each organ system has an effector and antagonist component. In the
case of muscles which must contract to exert an action, the opposing muscle
relaxes/contracts while the effector contacts/relaxes, adjusting the movement of a
joint or caliber of a sphincter to a target configuration. If both muscle sets contract
appropriately but to different degrees, tension is generated and the position of a
limb can be controlled. In addition, the extent of muscle movement is “sensed” to
control action and prevent spasm — this represents a feedback mechanism. For this,
the body needs separate motor nerve supplies and afferent and efferent sensory
nerve fibers. In addition, the system provides an overall adjustment of tone,
generally produced by secretion of hormones, such as adrenaline. In this way, the
body is ready, like an idling engine, to react quickly to a stimulus.

Thus, adrenaline acts on the sympathetic system to increase a parameter, such as
heart rate, and thus blood flow while parasympathetic, cholinergically mediated
stimuli slow the heart down. The two arms of the autonomic nervous system can
each be controlled by pharmacologic stimulation or repression, leading to
alterations in cardiovascular function. For example, to reduce the actions of adren-
aline, it can be either blocked, e.g., using a beta blocker, or opposed by a parasym-
pathetic agonist, mimicking and supplementing natural opposition (Fig. 1.1).

In this way, therapy is able to alter the balance by addition to one side, i.e.,
agonism, or antagonism of the opposing system. The second reason for therapy is the
reduction of inflammation associated with aggressive remodeling of tissues caused

a Functional Range
Cholinergic - i Adrenergic
Drive o ‘"g g Drive
MIDPOINT
b Functional Range
Cholinergic . (?\c Adrenergic
Drive ‘! T é’?'@‘v Dri
& @ ve
MIDPOINT QQ'OC
Fig. 1.1 .The oppos.ition .of Y'q,\)
adrenergic and cholinergic c Functional Range
drive. The adrenergic system
can be antagonized by .
blockade (middle panel) or Cholinergic \ﬁ‘ g T Ad_rcncrglc
cholinergic drive increased Drive \’Qé Drive
MIDPOINT

with an agonist
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by the immune cascade. This is also an element of the third rationale for using drugs,
the supplementation of the body’s natural response to infection or uncontrolled
growth of tissues, as in cancer. Finally, the body may fail to produce or absorb
sufficient quantities of hormones, vitamins, or nutrients, requiring supplementation.

1.5 Access

With few exceptions, all internal and external surfaces of the body are covered by
an epithelial layer. Epithelial layers differ in morphology: on an outside surface
which is subject to abrasion, such as skin, cells are set into a multilayered, striated,
squamous epithelium and may be keratinized, whereas internal tissue-covering
membranes and absorptive membranes, such as intestinal villi, are thinner, colum-
nar epithelial layer systems. Permeability is governed both by physicochemical
factors, according to Fick’s Law (Chap. 6), and by physiological factors, as
illustrated in Fig. 1.2. Flux through transport systems is sensitive to affinity, contact
time, area, and substrate concentration.

Most drug absorption is mediated by passive diffusion through external surfaces
and by a combination of passive, facilitated, and active transport (sometimes,
against a concentration gradient) internally. Passive diffusion is a function of the
drug’s mobility and solubility in the membrane, and is influenced by the drug’s
polarity, ionization state, and size. These factors can be accounted for physicochem-
ical mechanisms and may be predicted in silico with relative certainty. Using both
facilitated and active transporters, the body selectively extracts nutrients from the
digestive tract contents or from assimilated materials in the systemic circulation,
and attempts to reject the uptake of toxic substances. The most familiar transporters
are those for polar key nutrients, including glucose, essential amino acids, and

Interior Exterior

Blood flow
maintains
gradient, aided
by protein
binding Concentration gradient
Thickness of layer
Stirring

Surface area

pH

drug properties

Fig. 1.2 Role of
physiological processes
maintaining concentration
gradient
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Fig. 1.3 Net active transport
flux is the resultant of uptake
and efflux processes

3. Efflux transporter
2. Basolateral SESCUIE]
Transporter Transporter

4. Flow past target

Fig. 1.4 Target organ

perfusion is an important ﬁ
variable, especially as the @
target is distal to the input

process v

Elimination

nucleotides. Of special importance for drug delivery, however, are efflux systems
that expel materials through transporters located on the apical membranes of
transporting epithelia.

Transporting epithelial cell layers are anatomically polarized with differential
expression of apical and basolateral transporter systems as illustrated in Fig. 1.3.
For the gut, it was appreciated early on that oligopeptide transporters, including
human intestinal peptide transporter 1 (hPEPT1), have wide substrate specificities
and can transport a chemically diverse selection of substrates, provided that the key
motifs are conserved. The efflux proteins, which attenuate drug flux across epithe-
lial membranes, contain ATP-binding regions which are critical to their transport
activity. Active transport results from binding of ATP and the substrate to the
transporter, followed by hydrolysis of bound ATP to ADP with accompanying
translocation of substrate across the membrane, and then release of ADP to regen-
erate the transporter’s native state [1].

Once access to the systemic circulation is achieved, the physiological factors
impinging on target tissue concentration are principally total body volume of
distribution, since the drug concentration is diluted and taken up by other tissues,
protein binding, clearance by metabolism, renal and biliary secretion, and persis-
tence of the vehicle or drug in the circulation. Around the target site, other tissues
compete for ligand binding as illustrated in Fig. 1.4. Therefore, a key parameter is
the vascularity of the target.
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1.6 Blood Flow

Tissues can be divided into three groups with respect to blood flow. The heart,
brain, and lung are well-perfused, as are the liver and kidneys. Skeletal muscle is
less well-perfused and skin and adipose tissue have poor perfusion. Microcircula-
tion is affected by blood pressure, and in the elderly it has been suggested that tissue
perfusion is adversely affected by too low diastolic pressure [2].

Blood supply to the tissue affects the time over which drug equilibrium is
established in a tissue, as illustrated in Fig. 1.5, which illustrates the case for a
single dose. In well-perfused tissues, concentration in tissue roughly follows that
in plasma, with a relatively brief delay, while in poorly perfused tissues the peak in
concentration is attenuated but drug may remain in tissue much longer than in
plasma.

1.7 Potency, Affinity, and Efficacy

In tissue preparations with pure drugs applied in buffer or saline, clearance
mechanisms do not influence outcome and the response of a tissue to local drug
concentration shows a curve similar to that portrayed in Fig. 1.6a. This curve shows
three zones as concentration increases: first, nonspecific binding producing no
response, followed by a graded response according to concentration, and finally
saturation.

1]

we=m=ss, \  Tissue

| Plasma Concentration]
|Plasma Concentration]

.
hal Y
] S, ¥ LT
.
.

Time (h) Time (h)

Fig. 1.5 The relationship between central systemic (solid curve) and tissue (dashed curve)
concentrations in (a) well- and (b) poorly perfused tissue
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Fig. 1.6 Plot of response against concentration (a) and the log-dose versus response curve (b)

The curve in Fig. 1.6a is not so convenient for comparing molecular target
affinity between drugs as these concentrations may span several decades in concen-
tration. Response is, therefore, plotted against the log;o molar concentration of drug
as shown in Fig. 1.6b. The sigmoidal log-dose/response relationship is very familiar
in pharmacology.

Potency of a drug is described in common parlance as the amount of drug needed
to produce an effect of given intensity. Potency is a reflection of affinity, i.e., the
concentration of drug needed to bind to a receptor, and efficacy, the relationship
between binding and drug effect. Potency of a drug is usually expressed as EC50,
the concentration required to produce 50% of the maximum response. The dose
required to elicit a measurable effect varies substantially. For example, in pain
control, a small dose of an opiate produces a large effect. Acetaminophen or
ibuprofen at equivalent doses would be almost without measurable effect, and in
any case they do not act on the same receptors. In clinical practice, potency varies
considerably, depending on receptor distribution and the modes and sites of deliv-
ery and elimination processes.

1.8 Specificity

To achieve high levels of control of an integrated process, the body needs many
transmitters, each directed against particular tissue subtargets. Thus, the gut uses
many different chemical transmitters and nerve networks to control motility,
including dopaminergic, adrenergic, gabaminergic, and parasympathetic neurons.
In other tissues, exemplified by the heart, the sympathetic and vagal (parasympa-
thetic) supply opposes each other. The vagus nerve is important in many sensory
physiological functions communicating the state of organs to the brain, and it
affects central, respiratory, gastric, inflammatory, and central nervous system
functions. Sympathetic nerves activate the key physiological functions involved
in mental or physical stress, whereas the parasympathetic system lowers activity,
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operates during periods of quiet physical activity, supports muscle activity during
digestion, and is involved in anabolic metabolism (conservation of energy).

An example of this accelerator/brake balance is seen classically in cardiac tissue.
Stimulation of the heart by the sympathetic system increases heart rate and con-
traction force, whereas stimulation of the vagus slows the heart down and decreases
atrial contraction force. Action is mediated by neurotransmitters between the motor
neuron and muscle. These compounds are quickly broken down or reabsorbed after
action to allow the tissue to prepare for restimulation. If one pathway shuts down or
is amplified, then there may be a gradual change in physiological function in the
region of focal impairment. This provides a chance for an imbalance to gradually
manifest itself leading to illness. Some drugs mimic the action of transmitters and
are able to cause full or partial agonist action, as shown in Fig. 1.7. Other drugs,
e.g., hormones, act on control systems and their action is more subtle and prolonged
as compensatory processes need to be readjusted.

Another important feature is the range of actions that a drug may have, according
to the distribution of receptors in the tissues. The local environment causes
modifications in receptor subtypes allowing specificity. Pure specificity is rare in
that once the dose is raised other receptor subtypes come into play, although a full
effect may not be seen if the drug is not a complete agonist (see Fig. 1.7).
For example, increasing the dose of a bronchodilator B,-agonist produces increased
heart rate and tremor as ;-adrenoreceptors are partially stimulated. Partial agonists
are widely used in medicine, and they can be regarded as having both antagonistic
and agonist effects. Thus, they stimulate to give a submaximal response but
compete when a full agonist is present and decrease the action. The beta blockers
acebutalol, oxprenolol, and pindolol, are said to have an intrinsic sympathomimetic
effect because they are partial agonists.

Physically targeted systems are important in maximizing the local concentration,
which is one of the principal benefits of close arterial injection. This reduces
bystander effects or collateral damage to nontarget tissues.
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1.9 The Relationship Between Presentation and Effect

The pharmacodynamic profile reflects the sum of the affinity, absorption, and
excretion processes, as well as blood flow to the target site. A certain amount of
nonspecific binding occurs which does not elicit a response, and therefore the effect
profile lags behind tissue accumulation which in turn may be time shifted relative to
the peak plasma concentration time profile. Such time shifted relationships are
illustrated in Fig. 1.8. If the tissue is well-perfused, for example the brain, the effect
is not noticeable, but for poorly perfused tissues, such as bone and adipose tissue,
peak concentrations build slowly, according to the dosing interval. The relationship
between derived pharmacokinetic parameters, such as Tmax and Cmax, and effect is

more difficult to describe in these tissues.

1.10 Drug Absorption: The Balance Between Solubility
and Permeability

To be effective, a drug must reach the target site of action in sufficient quantity.
Thus, the compound must dissolve, be absorbed through the gut, and possess
sufficient metabolic stability to generate adequate drug concentrations at the
pharmacologically relevant site so that the desired action is obtained in a reproduc-
ible manner.

Drug absorption is influenced by three main groups of factors broadly classified
into physicochemical and physiological parameters, with additional influences of
diet, race, and genetic influences. Physicochemical processes dominate the first part
of this scheme (disintegration and dissolution), and therefore in vitro simulations of
the solubilization process have validity, at least for gastrointestinal (GI) delivery.
Table 1.3 illustrates some common terms encountered in the description of drugs.

-] . .

w .

= ; .

e . .

=9 - "

wn . .

] . .

- . A

— : .

| [ ,

£ P

£ I .

= [ \ .

= ’r' . LY .

= ;2 % *s, Response

= - .\ "

S § 2 ., L

&} F T b,

. . . &0 [ “~._|Tissue] *
Fig. 1.8 The relationship s i "j-u__ "%
. i . "
between plasma and tissue a : |Plasmal
concentrations and the vt
Time (h)

response profile



14 C.G. Wilson

Table 1.3 Drug and formulation attributes

L DRUG ATTRIBUTES & CONSEQUENCES J

ACTIVE PRINCIPLE The drug in the formulation. Commonly

INGREDIENT referred to as API.

PARTICLE SIZE (of API). Influences rate of dissolution

DOSE Scaled to body weight, age and disease severity.

HIGHLY SOLUBLE Dissolves in 250 mL at all pH’s

EXCIPIENTS Other components of the dose form added to aid
manufacture, stability and release properties of the
API.

DISSOLUTION RATE The process of release of ingredient into solution,
often measured in vitro in a compendial apparatus.

DISSOLUTION PROFILE The characteristic rate of release in vitro. The

shape of the release profile is controlled by the
physicochemical properties of the drug,
supplemented by the release mechanism, which
subsequently affects absorption into the systemic
circulation.

HIGHLY VARIABLE DRUGS Drugs which show greater than 30% variation in
bioavailability, leading to difficulties in assessing
bioequivalence. Probably show extensive first pass
extraction. In spite of this, they tend to be very
safe because of the large therapeutic index
associated with these drugs.

Solubility. The increase in molecular size of modern drugs starts to limit aqueous
solubility, and the average solubility of current drugs on the market is around 3 mM.
Thus, solubility is a limiting variable, and solubility issues are addressed by various
means, including selection of an amorphous form where appropriate, reduction in
particle size, and the use of cosolvents. Some tissues present different environments.
For example, the GI tract shows a marked gradient in pH among stomach, intestine, and
colon, and there are variations even within the stomach [3, 4]. Thus, solubility of drug
may change as it passes through various stages of the GI tract, which may impinge on
bioavailability.

Permeability. The other term relating to biological properties is permeability.
Experts argue about the use of this term and some prefer to describe the net process
as absorption. When permeability problems are encountered, a mechanism to
increase flux by alteration of membrane/microenvironment conditions or even a
simple increase in concentration gradient might achieve the goal.
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1.11 A Place for Formultion

Oral drug formulations remain the mainstay of therapy, being cheapest for the
manufacturer to produce, simplest to dispense, and most convenient for the patient.
Drug in a solid form provides good stability over the intended lifetime of the
product, and many innovations have appeared to overcome the shortcomings of
the active compound.

Although modern drugs are proving to be harder to bring to market due to poor
bioavailability problems, early drug treatments were hit or miss affairs. A few plant-
derived toxins were well known to the Greeks and the Romans but as the intended
outcome was death, titration might have been unnecessary! It was important that the
poison was disguised and no doubt Lucretia Borgia was an exemplary teacher of
taste masking. The drugs known to the ancients were galenicals: simple pharmaceu-
tical preparations originally produced by extraction of the sought-for active from
plant material. The pharmaceutical tablet was derived from compressing medicinal
agents with a suitable liquid adhesive into pills: Burroughs and Wellcome coined the
term “tablet” to describe their invention of a compressed pill in 1878. Remington
described the process of making tablets at the pharmacy shop using an upper and
lower die and a compression cylinder. The material was placed into the cylinder with
the lower die in place and the upper die struck with a mallet.

The age of synthetic and analytical chemistry brought into control the proportion
of active pharmaceutical ingredient in a formulation. The need to deliver a set
amount of a therapeutic agent brought with it new concepts in pharmaceutical
sciences, embodied in pharmacopeia, including identity, purity, product robustness,
and control of drug release. The extension into extended release was enthusiastically
embraced as a method of sustaining drug concentrations and improving patient
compliance. Furthermore, physicians became aware of another key improvement
due to extended release: reducing peaks and troughs associated with treatment with
immediate release dosage forms, as illustrated in Fig. 1.9.
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1.12 The Concept of the Therapeutic Window

In Fig. 1.9, attention is drawn to the fact that at high concentrations of the drug there
is a problem with unwanted effects being triggered by binding to low affinity
receptors. This gives rise to the concept of the therapeutic window: a minimum
concentration is required to produce a wanted effect but as levels are elevated, a
toxic threshold is crossed. Sometimes, this concept is expressed as a ratio of toxic
level to minimum effective concentration, the therapeutic index.

When a drug is administered and is absorbed into the systemic circulation, it is
diluted into the fluids in the compartments available to it, is bound to plasma protein,
and starts to associate with body tissues. On repeated dosing, concentrations rise and
fall according to the dose size, volume of distribution, clearance, and dosing interval.
This is illustrated in Fig. 1.10. The sawtooth pattern associated with the immediate-
release dosage form can be compared to the 1.V. dose and the controlled-release
dosage form. Thus, controlled-release systems have both advantages of patient
compliance, namely, fewer doses and less fluctuation in plasma concentration.

1.13 How Old Age and Disease Interfere
with Drug Exposure

In general, we attempt to treat the sick and rarely intervene preventatively in the
healthy. The consequence of illness is that the safety and exposure of medicines
may be altered. For example, gastroenterologists report a higher probability of
slowed gastrointestinal transit in the hospitalized patient, in addition to malabsorp-
tion. Fat malabsorption is of special interest, since most drugs are lipophiles.
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controlled release (CR), and
intravenous dose. Note how
the CR dose form allows
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Table 1.4 Physiological changes associated with ageing which impact on treatment

DISEASE & TREATMENT FACTORS

ALTERED ACCESS Altered blood flow, for example following remodelling of vessels
which occurs in some cancers.

Mucosal accessibility, for example in cystic fibrosis. A thickerlayer of
more viscous mucus is secreted.

PERMEABILITY latrogenic development of increased intestinal permeability, for
example following long term treatment with NSAIDS.

Changes in intestinal tissue fluid (edema associated with disease)
lead to decreased permeability and

Alteration in mucosal micro-climate (secretion of lactic acid into the
lumen due to intestinal oedema)

ALTERED SOLUBILITY Decreased secretion of gastrig acid described clinically as
hypochlorhydria, leading to decreased solubility of basic drugs.

ALTERED TRANSIT Changes in intestinal transit associated with drugs or altered neuro-
muscular connections. Slowed transit associated with coma, ageing,
constipation,

ALTERED METABOLISM latrogenic induction of hepatic metabolism transporter effects of
AND CLEARANCE ureic toxins on Class Il drugs.
ALTERED BODY MASS General poor nutrition leading to changes in distribution and Cmax

in uncorrected therapy; obesity and or edema leading to altered
Volumes of distribution

Milovic and Stein recently reviewed gastrointestinal disease and dosage form
performance and identified functional changes in the lumenal and mucosal phases
of digestion and transport defects, which would be expected to alter fat handling
and thus present an altered milieu for drug absorption. Drug flux is also reduced by
diseases involving structural modification. For example, Crohn’s disease is
associated with bleeding, atrophy, and necrosis of the absorptive epithelia of the
intestinal tract leading to decreased absorption and changes in gastrointestinal
function [5].

The impact of failure of vascular systems on gut absorption is seen in the frail
elderly, where malnutrition resulting from cardiovascular disease (cachexia
associated with chronic congestive heart failure) is common, although the ageing
process per se does not appear to be associated directly with malnutrition.

Old age often results in decrease in colonic motility and aggressive self-treatment
with laxatives, which could markedly interfere with the effectiveness of controlled-
release dosage forms. Thus, the influence of agents or conditions that modify
motility must always be considered in the selection of the most appropriate oral
dosage form (Table 1.4).
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1.14 Conclusions

In this chapter, we review some fundamental principles of drug therapy from a
organismic systems point of view. The concept of homeostasis is introduced, as is
the notion of drugs as agonists or antagonists used to reestablish desired body states
that are perturbed as a result of disease, injury, and ageing. Control of a drug’s
effect in space and time requires proper consideration of the rate that drug is
introduced into plasma following administration using a chosen dosage form, the
rates of distribution of drug into target and nontarget tissues, the latter sometimes
being associated with toxic side effects, and the relationships between tissue
concentrations and drug effects. Understanding of a drug’s physicochemical
properties, such as its solubility, permeability through membranes, and its specific
interactions with receptors and transporter systems, is required in order to deter-
mine its suitability for treatment of specific disorders and to choose a proper means
for drug delivery.
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Chapter 2
Overview of Controlled Release Mechanisms

Ronald A. Siegel and Michael J. Rathbone

Abstract Controlled release systems have been developed to improve the temporal
and spatial presentation of drug in the body, to protect drug from physiological
degradation or elimination, to improve patient compliance, and to enhance quality
control in manufacturing of drug products. When designing controlled-release
systems, it is important to identify and understand particular mechanisms involved
in the release process. Often, more than one mechanism is involved at a given time
or different mechanisms may dominate at different stages of the drug delivery
process. This chapter begins with several vignettes, each highlighting a mode
of controlled drug delivery and identifying associated mechanisms. An introductory
description of several of the mechanisms follows. Details regarding these
mechanisms are provided in subsequent chapters.

2.1 Introduction

Controlled-release systems are designed to enhance drug therapy. There are several
motivations for developing controlled-release systems, which may depend on the drug
of interest. Controlled release systems have been devised to enable superior control of
drug exposure over time, to assist drug in crossing physiological barriers, to shield
drug from premature elimination, and to shepherd drug to the desired site of action
while minimizing drug exposure elsewhere in the body. Controlled release systems
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may also increase patient compliance by reducing frequency of administration,
and may add commercial value to marketed drugs by extending patent protection.
Finally, use of controlled release technology may reduce variability of performance of
drug products. The latter aspect is increasingly important given the current emphasis
on “quality by design” by regulatory agencies such as FDA.

The mechanisms used to achieve these goals are diverse and complex, and
depend on the particular application. In fact, several mechanisms may operate
simultaneously or at different stages of a delivery process. An understanding of
these mechanisms is important when designing and manufacturing controlled-
release systems, and in identifying potential failure modes. Delineation of mecha-
nism is also important in intellectual property prosecution and quality assurance/
quality control.

This chapter starts with a series of vignettes illustrating mechanisms and
their interplay in particular controlled release systems. Essentials of individual
mechanisms are then outlined. More elaborate descriptions are deferred to later
chapters.

2.2 Vignettes

2.2.1 Zero Order Oral Delivery

Zero order, or constant rate release of drug is desirable in order to minimize swings
in drug concentration in the blood. Such excursions, which may lead to periods of
underexposure or overexposure, are particularly likely to occur for drugs that are
rapidly absorbed and rapidly eliminated. Figure 2.1 illustrates the plasma concen-
tration profile over time for such drugs when administered from rapid-release
dosage forms. A rapid increase in concentration is followed by a rapid decrease,
and little time is spent inside the so-called therapeutic range, which is bounded
below by a minimum effective concentration (MEC) and above by a minimum
toxic concentration (MTC) (see also Figs. 1.9 and 1.10). Frequent repetitive dosing
is required to maintain concentration within these limits, and compliance and
control are difficult.

Dosage forms that prolong release can maintain drug concentration within
the therapeutic range for extended periods and minimize episodes of underexposure
or toxicity. A well designed system displays a narrow, predictable residence time
distribution in the gastrointestinal (GI) tract, and releases drug by a controlled
mechanism. As shown in Fig. 2.1, zero order release leads, in principle, to the best
control of plasma concentration. Such control leads to constant drug effect, provided
the drug’s pharmacokinetic and pharmacodynamic properties, including absorption,
distribution, metabolism, and excretion (ADME), and its pharmacodynamic
properties relating plasma concentration to drug effect, are stationary. While this
proviso is believed to apply to most drugs, there are notable exceptions, as detailed
in Chap. 13.
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Fig. 2.1 Efficacious, nontoxic therapy requires that drug concentration in plasma lies within the
therapeutic range, which is bounded below by the minimum effective concentration (MEC) and
above by the minimum toxic concentration (MTC). For rapidly absorbed, rapidly eliminated drugs,
a single dose (solid arrow) leads to a rapid rise and fall in drug concentration (solid curve).
Multiple dosing at regular intervals (solid arrow followed by dotted arrows) leads to oscillating
drug concentrations (solid curve followed by dotted curve), which may fall outside the therapeutic
range for significant time periods. Zero order release (dot—dash curve) leads, after an initial rise,
to a constant concentration in plasma which, with proper dosing, lies between MEC and MTC

Zero order oral drug release can be achieved, in principle, by surrounding a core
tablet with a membrane that is permeable to both drug and water, as illustrated in
Fig. 2.2a. After swallowing, the core becomes hydrated, and drug dissolves until it
reaches its saturation concentration or solubility. The core serves as a saturated
reservoir of drug. Drug release proceeds by partitioning from the reservoir into the
membrane, followed by diffusion across the membrane into the gastrointestinal fluid.
So long as saturation is maintained in the core, there will be a stationary concentration
gradient across the membrane, and release will proceed at constant rate. Eventually,
the dissolved drug’s concentration in the core falls below saturation, reducing the
concentration gradient and hence the release rate, which decays to zero.

If the membrane consists of a water-soluble polymer of high molecular weight,
then it will initially swell into a gel, through which drug diffuses. The thickness of
the gel layer initially increases with time due to swelling, but ultimately it decreases
due to disentanglement and dissolution of polymer chains. At intermediate times,
the gel layer may be of approximately constant thickness, and release occurs at a
relatively constant rate.

As an alternative to dissolution/partition/diffusion based devices, osmotic
pumps have been developed to provide zero order release. An elementary osmotic
pump, illustrated in Fig. 2.2b, is a tablet or capsule consisting of a core of drug
surrounded by a membrane that is permeable to water but not to the drug. A small
hole is drilled into the membrane. Upon ingestion, water is osmotically imbibed
into the core through the semipermeable membrane, dissolving the drug. A constant
osmotic pressure gradient is established between core and the external medium,
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Fig. 2.2 Schematics of devices designed for zero-order drug release. (a) Membrane diffusion-
controlled release. Drug in core (granulated pattern) dissolves to form saturated solution (dilute
dots). Drug then diffuses across membrane (thin tipped arrows). Zero order release persists as long
as there is sufficient drug in core to form saturated solution. (b) Elementary osmotic pump. Core is
surrounded by a semipermeable membrane, with a small, drilled orifice. Osmotic water flow (full
tipped arrows) through membrane dissolves drug and displaces it through the orifice. Zero-order
release persists so long as a constant osmotic pressure gradient between core and external medium is
maintained. (¢) Push—pull osmotic pump. Similar to elementary pump, except a soluble polymer
excipient layer (curlies) is added “below” the drug. Osmotic flow into drug layer primarily dissolves
drug while osmotic flow into polymer pushes dissolved drug through the orifice (fat arrows)

setting the stage for water influx, which displaces drug through the hole at a
constant rate. Eventually, drug concentration falls below its solubility, and the
rate of osmotic pumping decays.

The efficiency of osmotic devices can be improved by enriching the core with
excipients such as water soluble polymers. For example, in push-pull osmotic
systems, depicted in Fig. 2.2¢c, the drug formulation is layered between the water-
soluble polymer and the exit orifice. As water crosses the semipermeable mem-
brane, drug is dissolved. Meanwhile, swelling of the polymer excipient, which is
also caused by osmosis, pushes drug through the orifice.

2.2.2 Oral Delivery Directed to the Gut and Colon

Numerous drugs are susceptible to hydrolysis in the acidic environment of the
stomach. Enteric coatings, which are pH-sensitive polymers that are insoluble in
acid but dissolve in the neutral or slightly alkaline environment of the gut,
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are designed to protect drug as it passes through the stomach. If the molecular
weight of the coating polymer is relatively low, then it will dissolve and drug will
be released rapidly. If the molecular weight of the polymer is high enough,
however, it will swell into a gel layer that controls drug release as above. Passage
of the dosage form through the stomach to the small intestine affects the time
required following ingestion to activate swelling and diffusion.

Certain drugs are more efficacious when released in the colon. The colon is rich
in bacterial azoreductases, which cleave polymers with azoaromatic crosslinks.
By encapsulating drug in such polymers, colon-specific drug delivery can be
achieved. Further encapsulation by a rapidly dissolving enteric coating would
permit colon-specific delivery of acid-labile drugs. The enteric coating is first
stripped off upon entering the gut, but drug is released only when the internal
polymer is degraded by the azoreductases in the colon.

2.2.3 Oral Delivery of Polypeptides

Polypeptides, including proteins, are extremely challenging to deliver orally.
Problems include acid lability, susceptibility to peptidases and proteases in the
stomach and gut, and limited absorption due to high molecular weight and charge.
Most protein bioavailabilities, measured as fraction absorbed into the systemic
circulation, hover around or below 1%. Reliable, efficient delivery of polypeptides,
if possible, will have enormous payoffs.

Let us assume that acid lability can be handled by an enteric coating layer and
that the polypeptide is incorporated into micro- or nanoparticles that are designed to
adhere to the gut wall. The particles release their payload into the wall or are taken
up by endocytosis into enterocytes. While encapsulated in the particles, the poly-
peptide molecules are protected from attack by enzymes. By these means, it is
postulated that bioavailability will be improved.

2.2.4 Delivery of Drugs Through the Skin

Numerous drugs are problematic for oral delivery due to their low solubility and
susceptibility to first pass metabolism in the liver. For such drugs, alternative ports
of entry are of interest, and practically every available body surface and orifice has
been considered. Since the skin is readily accessible and has a large surface area,
transdermal drug delivery has been the subject of much research and product
development.

The primary barrier layer of skin is the stratum corneum, a thin layer of dead
squamous cells that are packed in a kind of brick and mortar configuration, as
depicted in Fig. 2.3, with specialized lipids serving as the mortar. Lipophilic drugs
can readily dissolve in this layer and diffuse through it at a rate that depends
primarily on molecular size and lipophilicity. Very little drug enters the dead
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Fig. 2.3 Simplified representation of the mortar and brick configuration of the stratum corneum
(s.c.) showing the paracellular pathways taken by lipophilic drugs around dead proteinaceous cells.
The zig-zagging arrow is one possible path taken by a drug molecule through s.c.

cells, and the lipid pathways for diffusion are marked by numerous detours. After
passing through the stratum corneum, drug encounters the more hydrophilic, viable
epidermis and dermis, before being absorbed in capillaries perfusing the dermis.
Drug that is absorbed through the skin is not susceptible to first pass metabolism by
gut and liver, although some metabolism may occur in the skin itself.

While ointments and creams are usually used for topical delivery to the skin,
patches have been developed for controlled systemic delivery. The simplest patch
consists of an adhesive layer containing drug in the dissolved or in a finely divided
solid form, and an impermeable backing layer, as illustrated in Fig. 2.4a. For such
patches, delivery rate is controlled primarily by the permeability of the stratum
corneum, which depends on the drug’s partition coefficient between the patch
material and the stratum corneum, the drug’s diffusivity in the stratum corneum,
and the thickness of the stratum corneum. Provided these parameters remain
constant during application of the patch, and if drug activity in the patch remains
constant by dissolution of solid drug into the adhesive, then zero order, constant rate
delivery can be achieved.

The simple adhesive patch design is best for drugs with a large therapeutic range,
since skin permeabilities may vary across patients and between sites of application
in an individual patient. When more precise control of drug concentration in blood
is desired, it is useful to insert a rate controlling membrane between the drug
reservoir and the adhesive layer, as shown in Fig. 2.4b. The membrane’s permeability
must be less than that of the skin in order to provide effective rate control.

Since the skin naturally functions as an environmental barrier, only a few drugs
can penetrate it at an adequate rate by partitioning and diffusion. Generally, a drug
molecule should be sufficiently lipophilic that it partitions into the stratum corneum,
but sufficiently hydrophilic that it can also cross the viable layers. Its molecular
weight should be low to ensure adequate mobility in the stratum corneum.
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Fig. 2.4 Various transdermal patch designs (a) skin permeability control, (b) membrane control,
(¢) iontophoretic patch design for a cationic drug

Finally, the drug’s potency and pharmacokinetic properties should be such that
delivery through the skin places drug concentration in plasma within the therapeutic
range. While the rate of delivery can be increased by using larger patches, there are
practical size limitations.

Because the skin is so accessible, much effort has been devoted to expanding the
spectrum of transdermally deliverable drugs using more complex delivery systems.
For example, the skin’s barrier function can be disrupted temporarily by applying
chemical permeation enhancers, microneedles, ultrasound, heat, or short, high
voltage bursts of electricity (electroporation). During or immediately following
disruption, drug can be administered. Alternatively, drugs can be delivered by
iontophoresis, in which a steady electrical current is applied through the skin, as
illustrated in Fig. 2.4c. This process relies on aqueous channels in hair follicles and
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sweat glands, or new channels formed by the current. Charged drug molecules are
driven through these channels by a like-charged electrode while uncharged drug
molecules are delivered through the channels by electroosmotic convection.

Ideas discussed in this vignette may apply to drug delivery across other well
perfused epithelia, including the rectum, vagina, scrotum, cornea and sclera, and
the buccal and nasal mucosae.

2.2.5 Depot Delivery of Reproductive Hormones

While the introduction of daily oral steroid contraceptives in the mid-twentieth
century was a breakthrough with historic medical and social consequences, it is
recognized that there is substantial room for improvement. Daily oral dosing can
lead to incomplete compliance and effectiveness, so other routes have been studied.
For example, a transdermal, patch-based contraceptive system that delivers its
payload over 1 week has appeared on the market (ORTHO EVRA®™), as has an
insertable vaginal ring that releases drug over three weeks (NuvaRing®).

The Norplant® system was introduced in the 1980s to provide five years contin-
uous release of levonorgestrel. Drug is incorporated into silicone capsules that are
placed under the skin in a routine clinical procedure. Release is mediated by slow
diffusion through the silicone matrix. Because the silicone capsules do not degrade,
they must be retrieved after they are spent. An alternative biodegradable implant
called Capronor was investigated but was not marketed.

Besides steroid hormones, analogs of luteinizing hormone-releasing hormone
(LHRH) have been developed. LHRH is the master hormone that is secreted
rhythmically in the hypothalamus, and activates numerous hormones on the repro-
ductive axis. Both LHRH agonists and antagonists have been developed as
contraceptives, and they also have been used to treat disorders, such as endometri-
osis, vaginal bleeding due to fibroids, precocious puberty, and prostate cancer.
When these analogs are delivered continuously, they interfere with the rhythmic
signaling by endogenous LHRH. Because they are extremely potent, they can be
injected as a slow-release depot. In one system, Leupron Depot ™, leuprolide acetate
is formulated into biodegradable polymer microspheres, which degrade and
release drug over three months. In this system, drug release is controlled by
diffusion through a pore network whose structure evolves as the polymer degrades.

Osmotic pumping provides another potential approach to long-term contra-
ceptive delivery. One example is a narrow metal cylinder containing two
compartments that are separated by a movable piston, as shown in Fig. 2.5. The
drug formulation is introduced into one compartment, which is capped on the end,
except for a small exit orifice. The other compartment contains an osmotically active
agent, and is capped by a membrane that is permeable to water but not to that agent.
Osmotic water flow across the membrane displaces the piston, and drug is pushed
out through the exit orifice. By proper selection of the semipermeable membrane,
the pumping rate and hence duration of release can be precisely controlled.
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Fig. 2.5 Implantable cylindrical osmotic pump with piston. Water flows through semipermeable
membrane at /eft into a chamber containing osmotic excipient (curlies), displacing piston, which in
turn pushes drug formulation (dots) out through the orifice at right

Complementary to contraception is fertility therapy. Patients with lesions that
suppress LHRH secretion can be treated with rhythmic intravenous injections of
LHRH, delivered from an externally worn, programmed pump through a catheter.
This mode is best for short term needs, such as induction of fertility, but it is less
desirable when the need is long term, as in the treatment of arrested puberty. Since
LHRH is exceptionally potent, each dose is very small, so the possibility of an
implantable rhythmic dosing device is intriguing. Such devices may ameliorate the
inconvenience associated with intravenous delivery. One approach under consider-
ation is a controlled-release microchip, into which thousands of microwells are
machined. Each well is filled with a single dose of LHRH and sealed by a thin gold
membrane that is addressably connected to a current source. Under the control of a
microprocessor, individual membranes are ruptured with a current pulse and their
encapsulated doses are released. By proper programming, any sequence of release
pulses can be programmed into the system.

2.2.6 Regional Drug Delivery

Thus far, we have discussed scenarios in which drug enters the systemic circulation
after release. Drug then distributes according to its relative affinities to all tissues,
and only a small fraction is present at or near the target site. Drug toxicity and side
effects are often associated with accumulation in tissues not associated with the
target. In regional (sometimes called local or topical) delivery, drug is administered
directly to the target tissues. Under proper conditions, regional delivery should
permit substantially reduced drug dosing to reach the desired effect, with reduced
exposure of other tissues to the drug.

Regional delivery is potentially most effective when drug is not transferred
substantially from the target tissue to the systemic circulation due to anatomic
or physiological barriers, or when systemic drug is rapidly eliminated. Traditional
examples include topical drugs, inhalation based asthma therapies, and chemo-
therapies directed by drug pumps to tumors. The release of chemotherapeutic agents
from polymer disks implanted next to brain tumors provides another example, as
does insulin delivery to the peritoneal cavity, which drains through the hepatic portal
vein into the liver, a primary target for insulin.
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Fig. 2.6 A schematic representation of various ocular routes of administration. Topical application
may involve eye drops, gels or ointments, or drug-soaked contact lenses. Intracameral injections are
used in cataract surgery with injection volumes of approximately 100 pL. Ocusert™, an early
controlled-release system based on a saturated pilocarpine reservoir, was administered to the
subconjunctival sac. Patches have been designed for application to the sclera for transscleral
delivery. Polymeric delivery systems, such as micelles, gels, nanoparticles, microparticles, and
solid implants, may be formulated and act as depots for long-term, controlled delivery of drugs to
the various parts of the eye

In this vignette, we first consider local delivery to the eye, noting different
strategies that must be applied to delivery into the aqueous humor and the retina.
We then discuss drug-eluting stents, which provide local delivery of drugs to
arteries following injury.

Anatomical features and routes for drug delivery to the eye are shown in Fig. 2.6.
The eye cavity is a useful port of entry for antibiotics and drugs meant to treat
disorders in tissues perfused by tears and aqueous humor. To reach the aqueous
humor, which lies under the cornea and houses the lens and iris, drug must cross the
cornea, which contains both lipophilic and hydrophilic layers. Conventional eye
drops are notoriously inefficient, since much of the drop is lost by overflow and
drainage into the nasolacrimal duct. To increase drug retention in the eye cavity and
hence bioavailability, drug can be formulated in gels that spread over and adhere to
the ocular surface. Alternatively, drug-soaked contact lenses have been considered
for topical delivery. In addition to increasing bioavailability, these formulations
may prolong the release process, reducing the required frequency of administration.
An early drug delivery product was Ocusert™, in which a saturated pilocarpine
reservoir was placed between two membranes which could control release, by the
partition/diffusion mechanism, of the drug for up to 1 week. This product was
placed under the lower eyelid and released drug at constant rate into the tear fluid,
with subsequent absorption through the cornea.

Drug administered into the eye cavity is generally not available to the retina.
To reach the retina, drug can be delivered to the vitreous humor, which lies behind
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the lens. The vitreous is a viscous gel that slowly circulates, providing convective
transport of drug to the retinal surface. Several schemes have been investigated.
The ocular sclera (white) provides a large surface area, and patches have been
devised for transscleral delivery into the vitreous. A problem arises because the
sclera is heavily perfused by choroidal blood vessels, which remove drug before it
reaches the vitreous by diffusion. Alternatively, solid implants that slowly release
the drug can be injected or placed surgically into the vitreous. Presentation of drug to
the retina, then, depends both on the rate of release by diffusion and rate of
convection to the retinal surface.

Drug eluting stents, discussed in Chap. 14, have recently been developed to
prevent restenosis or reclosing of coronary arteries following angioplasty and
stenting procedures in response to heart attacks. Restenosis is an inflammatory
response to these procedures, and involves the growth of arterial smooth muscle
cells over the stents. To arrest such growth, small amounts of anti-inflammatory and
antiproliferative drugs are coated onto the stents and are released directly into the
adjacent arterial tissue by dissolution, partitioning, and diffusion. Because the dose
is so small and targeting is so precise, it is possible to prevent restenosis without
releasing detectable amounts of drug into the systemic circulation and other tissues.

2.2.7 Nanoparticulate Targeting of Drugs to Specific Tissues

Besides improving systemic bioavailability and the temporal and regional patterns
of drug release and absorption, controlled release systems have been developed to
alter the residence time of circulating drug. In these systems, drug is incorporated in
nanocarriers that have access to the whole systemic circulation, but are cleared less
rapidly than free drug. The nanocarriers can be regarded as circulating drug depots.
Nanocarriers may also have favorable distribution properties into target tissues and
away from tissues associated with toxic side effects. Examples of nanocarriers
include microemulsions, liposomes, dendrimers, block polymer micelles, solid
lipid and polymer nanoparticles, and soluble polymers with drug attached on side
chains by biodegradable linkages.

At the nano level, it is also possible to incorporate targeting ligands that permit
particles to bind preferentially to specific cell types and promote the uptake and
drug release into those cells. It has been suggested that cellular processes that rely
on multivalent attachment, including particle uptake, can be modulated by drug/
nanoparticle composites by suitable placement of multiple-targeting ligands on
particle surfaces.

Design of nanoparticulate drug delivery systems must take into account normal
physiological scavenging processes that remove small foreign objects from the
blood. Special coatings, such as poly(ethylene oxide)s, are used for this purpose.
Suitably coated nanoparticulates exhibit reduced opsonization and clearance by
the reticuloendothelial system. Renal clearance is avoided when nanoparticulates
are larger than glomerular pores. Hence, circulating half-lives of nanoparticulates and
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their associated drugs are prolonged. Furthermore, coated nanoparticles and their
associated drug are largely restricted to the vascular space, in contrast to free drug
which may have much a larger volume of distribution. It should be noted, however,
that if drug is released from the nanoparticle into systemic circulation, as opposed to
a specific target site, it will possess the same pharmacokinetic properties as otherwise
administered free drug.

It is believed that nanoparticulate delivery systems may be very useful in treating
some cancers due to the enhanced permeation and retention (EPR) effect. Com-
pared to normal tissues, tumors have leaky capillaries with large fenestrations in the
capillary walls that permit the passage of nanoparticulates. Drug loaded into the
nanoparticulates is, therefore, relatively more accessible to tumor tissues compared
to tissues associated with toxic side effects.

2.3 Survey of Mechanisms

The previous vignettes highlighted several controlled-release mechanisms, including
dissolution, partitioning, diffusion, osmosis, swelling, erosion, and targeting. Basic
principles associated with these mechanisms are presented in this section.

2.3.1 Dissolution

Most drug molecules form crystals at room temperature. In fact, they may take on
various crystal forms (polymorphs) or form crystal hydrates, depending on their
processing conditions. In some cases drug particles can be processed into an
amorphous, glassy form. These forms have differing thermodynamic stabilities,
and interconversion between solid forms can occur during storage and after admin-
istration. Dissolution involves transfer of drug from its solid phase to the
surrounding medium, which may be water, polymer, or tissue. The solubility of
drug in a medium, Cs medium, 1S defined as the concentration of drug in the medium
at saturation, i.e., in equilibrium with the solid form. Higher concentrations of drug
are thermodynamically unstable, and with time drug crystallizes out of solution
until its concentration equals Cs medium. Useful rules of thumb are that Cs medium
decreases with increasing melting point of the drug and increases with increasing
chemical compatibility of drug with the surrounding medium.

While solubility is a thermodynamic property of a drug and a medium, the
dissolution rate is a kinetic property. Dissolution rate increases with solubility
and decreases with drug particle size. As discussed below, dissolution rate is
commonly controlled by diffusion.
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2.3.2 Partitioning

During drug delivery, drug molecules often encounter an interface between two
materials or phases. The partition coefficient is a measure of the relative affinity for
drug between the two phases, and is roughly given by the ratio of drug solubilities in
the two phases. At the interface, the partition coefficient prescribes the relative
frequency that a molecule moves into one medium compared to the other.

As an example, recall that drugs of high lipid solubility are suitable for entry into
the stratum corneum. However, if the drug is not sufficiently water soluble, i.e., its
lipid/water partition coefficient is too high, it will not partition efficiently into the
viable epidermis, and drug will be detained in the stratum corneum. Absorption into
capillaries might then occur at an unacceptably low rate.

As a second example, block copolymer micelles are formulated with hydropho-
bic cores and hydrophilic coronas, hence they are soluble in blood. Hydrophobic
drugs preferentially partition into the core, where they are retained for extended
periods of time. Pharmacokinetic characteristics of such drugs, i.e., clearance and
volume of distribution, reflect those of the micelles, leading to longer retention in
the circulation and preferred distribution into tumors due to the EPR effect.

2.3.3 Diffusion

Diffusion is a very important component of many controlled-release systems, hence
we devote considerable space in this chapter to it. More details about diffusion-
controlled drug delivery systems are provided in Chaps. 6 and 9.

2.3.3.1 Molecular Basis

All molecules constantly undergo random collisions with other molecules. As a
result, molecules execute thermal or Brownian motion. At any step, the direction of
motion of a molecule is random, and it repeatedly changes due to collisions with
other molecules. Over time, the displacement of the molecule from its point of
origin is the result of a multitude of such random steps. Macroscopically, the
independent random walks taken by large number of drug molecules lead them
from regions of higher concentration to regions of lower concentration. Thus
diffusion of a substance occurs down its concentration gradient.

The theory of random walks shows that the average (actually, root mean
squared) distance that molecules travel by diffusion is proportional to the square
root of time, i.e., average distance traveled ~ \/Dt, where D (cmz/s) is the diffusion
coefficient, or diffusivity, and ¢ is time (s). The diffusion coefficient is a measure of
the molecule’s mobility in the medium. Conversely, the typical time required to
diffuse over a particular distance is proportional to the square of that distance and
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Fig. 2.7 Partitioning and diffusion. Two host media are placed in contact. Diffusion coefficient of
drug in each medium away from interface is indicated by length of corresponding double arrow.
At the interface, drug chooses to partition into one of the media. Relative frequencies of entry into
the two media from the interface are depicted by the breadths of arrows pointing into the media.
The ratio of arrow widths is the partition coefficient. Upon entering either medium, drug diffuses
according to the medium’s diffusion coefficient, as illustrated by differing arrow lengths at
interface. In the present example, drug partitions preferentially into the left medium ([Z::]), but
diffuses more rapidly in the right medium (E=5)

inversely proportional to the diffusion coefficient. Thus, while diffusion is an
efficient means of mass transport over short distances, its effectiveness decreases
over longer distances.

Figure 2.7 illustrates and contrasts partitioning and diffusion. Two media are
placed next to each other. Within each medium, symmetric arrows depict the
magnitude of the diffusion coefficient, which characterizes the motion of the mole-
cule exclusively inside that medium. A molecule moves in either direction with equal
probability. At the interface between the media, however, the molecule must make a
choice. The partition coefficient determines the relative frequencies that this mole-
cule “jumps” into either medium. The two different frequencies are depicted by
arrows of different thicknesses. The lengths of the arrows correspond to the respec-
tive diffusion coefficients.

2.3.3.2 Reservoir Versus Monolithic Systems

We have already introduced systems in which a membrane mediates diffusion from
a reservoir. In reservoir systems, drug first partitions into the membrane from the
reservoir and then diffuses to the other side of the membrane, where it is taken up by
the receiving medium. While the reservoir is saturated, a constant concentration
gradient of drug is maintained in the membrane, the rate of drug flux is constant, and
zero order release is achieved. Eventually, drug concentration in the reservoir falls
below saturation, and the gradient across the membrane and release rate both decay.

In reservoir systems, the purpose of the membrane is to mediate diffusion of drug.
Because of their simplicity of mechanism and their ability to produce zero order
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release, reservoir systems would seem to be highly advantageous. However, reservoir
systems can be difficult to fabricate reliably. Pinhole defects and cracks in the
membrane can lead to dose dumping. These problems are avoided in monolithic
systems, in which drug is loaded directly into a polymer, which now acts as both a
storage medium and a mediator of diffusion.

Drug is typically loaded uniformly into monolithic devices, and release is
controlled by diffusion through the monolith’s matrix material or through aqueous
pores. Monolithic devices typically exhibit an initial burst of release from the
surface. With passing time, release rate decreases as drug that is deeper inside the
monolith must diffuse to the surface, since it has farther to travel, and the quadratic
relation between distance and time becomes important. This effect occurs in planar
monoliths, but it is even more prominent with cylinders or spheres, as the amount of
drug available decreases with distance from the surface. This geometric factor can be
substantially reversed using specially coated wedge, cone, or hemisphere monoliths
to provide near-zero-order release, but such devices are not easy to fabricate.

2.3.3.3 Factors Affecting Diffusivity

The diffusivity, D, depends on the molecule and the medium. For a hard spherical
molecule in a liquid solvent, the Stokes-Einstein equation prescribes D = kgT/6man,
where a is the molecule’s radius, 7 is the solvent’s viscosity, kg is Boltzmann’s
constant, and 7 is absolute (Kelvin) temperature. This relation confirms the intui-
tion that large molecules should diffuse more slowly than small ones and that
diffusion should be slowed in viscous liquids. The factor kgT accounts for the
intensity of thermal agitation, which drives Brownian motion.

In typical polymeric controlled release systems, the polymer matrix does not
flow like a liquid, and bulk viscosity is not the correct parameter to use in predicting
mobility of drug. The matrix may possess, however, a “microviscosity” that is
related to molecular mobility. Free volume theory provides a useful picture that
accounts for both bulk and microviscosity. While it may be natural to think of a
polymer matrix as a static solid, it is actually a dynamic fluctuating structure, and
D may be thought of as a measure of the degree that these fluctuations accommo-
date random motion of the diffusing molecule. In free volume theory, each drug,
solvent, and polymer molecule contains an impenetrable core that is surrounded by
nanovoids, called free volume. Thermal motions cause the size of voids to fluctuate.
Occasionally, a void becomes large enough for a diffusing molecule to move into
or through it. Clearly, if this mechanism is operative, then the diffusion coefficient
will decrease sharply with increasing molecular radius and when the matrix’s
density increases upon cooling. At a critical density, often associated with the
medium’s glass transition temperature, T, free volume becomes so sparse that
the diffusion coefficient drops by several orders of magnitude.

In addition to temperature, the free volume of a polymer matrix depends on its
composition. For homogeneous materials, free volume increases as the difference
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between ambient temperature and T, increases. Copolymerization and blending can
lead to matrices with suitably averaged free volumes and mobility properties. Free
volume can also be increased substantially by sorption of small molecules, such as
water. Thus, a glassy dry polymer can be converted to the rubbery state by sorption
of a small amount of water, substantially increasing the mobility of drug molecules
in the polymer.

Besides the glass transition, polymers can form crystalline domains which
exclude drug molecules and obstruct diffusion. The propensity to crystallize
depends on the polymer’s melting point and its stereoregularity. Random
copolymers generally do not form crystalline domains. Crystallization can be
mediated by the polymer backbone or by the side chains, especially when the latter
are long.

For a molecule diffusing through a water-swollen hydrogel, diffusivity of drug is
affected by the viscosity of the water space and also by obstructions placed in the drug
molecule’s path by the hydrogel chains. Many models of diffusion in hydrogels,
therefore, combine elements of Stokes—Einstein and free volume theories. In this
case, the size of water-filled spaces between hydrogel chains is assumed to fluctuate,
making room for movement of the diffusing drug molecule. The characteristic
distance between points of chain crossings in the hydrogel is called the correlation
length, and the ratio of molecular radius of drug to the correlation length is considered
to be the primary structural parameter governing the drug’s diffusion coefficient in
the hydrogel.

2.3.3.4 Heterogeneous Systems

Thus far, we have discussed diffusion mediated systems in which the medium is a
uniform polymer matrix or hydrogel. Local matrix fluctuations were assumed to
control the rate of diffusion. In more heterogeneous media, other factors also
become important.

We have already noted that the presence of dead cell bodies in the stratum
corneum increases the effective path length for drugs diffusing through skin
lipids. We have also seen that crystalline domains in a polymer can obstruct and
retard diffusion. More generally, diffusion of drug through a heterogeneous
medium depends on the solubility and diffusivity of drug in the different material
domains of the medium, and the geometric manner in which the domains are
dispersed.

For example, consider a polymer blend or block structure, where one component
has a much higher drug solubility than the other. If the “drug-philic” domains
comprise a discrete phase dispersed in a “drug-phobic” continuous phase, then the
disconnected phases will retain drug and retard its release, by analogy to affinity
chromatography. If on the other hand the drug-philic domain is continuous, then
release will be controlled by diffusion through the continuous phase, but will be
retarded by detours around the drug-phobic domains.
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Porous systems are often encountered in controlled release. Empty pores can be
introduced into a matrix during fabrication to serve as pathways for drug diffusion
through water that enters the pores. Alternatively, solid drug or excipient particles
can be introduced into a polymer, and pores form around the particles. Also drug
and excipient may precipitate from a polymer solution during solvent removal,
again resulting in a porous amalgam of drug and polymer. The pores then act as
both depots for drug storage and as conduits for diffusion. Pore structure and
connectivity may have a profound effect on release by diffusion, as is discussed
in Chap. 9.

2.3.3.5 Diffusion Affects Dissolution

We conclude this section with a discussion of dissolution and diffusion in drug
delivery. Dissolution occurs when the solvating medium surrounding a solid drug
particle is not saturated. This process involves two steps. First, drug must dissociate
from the surface of the particle and surround itself with solvent. Second, the newly
solvated drug must diffuse away from the surface. The first process is usually more
rapid than the second, unless the drug is extremely insoluble. Thus, the drug is very
close to its saturation concentration in the immediate vicinity of the particle.
A concentration gradient is, therefore, established between the particle/medium
interface and the “bulk” of the medium, and diffusion controls the rate that drug
flows down this gradient. In drug delivery systems containing solid drug particles,
both Cs medium and D are therefore important determinants of release rate.

In an important class of drug delivery systems discussed in Chap. 6, solid drug
particles are incorporated into a monolithic matrix. Release of drug occurs by
dissolution followed by diffusion through the matrix. Particles at the surface
dissolve quickly, leading to a burst. Particles further inside dissolve more slowly,
since dissolution rate is controlled by diffusion through the matrix. At intermediate
times, a moving front is observed, separating a central core containing solid drug
from a periphery containing completely dissolved drug. Because the diffusion
distance from the front to the monolith’s surface increases with time, the march
of this front slows down as the release process proceeds, and the rate of release
decreases with time.

2.3.4 Osmosis

Osmosis is a dramatic phenomenon that occurs when a membrane that is permeable
to water but not to particular solutes, called osmolytes, separates aqueous solutions
of the osmolytes. Water flows through the semipermeable membrane in an effort to
equalize concentrations of the impermeable solutes on both sides of the membrane.
In most cases of interest, water flow occurs by diffusion through the semipermeable
membrane. However, the nature of water transport may differ from that discussed
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above for drugs. First, it should be emphasized that there tends to be a lot of water on
both sides of the membrane, and flux of water through the membrane is determined
by the difference in chemical potentials of water on the two sides, not simply the
concentration gradient of water. These chemical potentials may depend on both
concentrations of the osmolytes and the thermodynamic compatibility of water with
the osmolytes. When the osmolytes are small molecules, such as salts, osmotic
pressure is reasonably accounted for osmolyte concentrations according to van’t
Hoff’s law, but when the osmolytes are polymers, osmotic pressure is determined
jointly by polymer concentration and polymer/water compatibility. Second, when
the membrane is adequately hydrated, water molecules are in contact with each other
and neighboring molecules’ motions are correlated. The Brownian mode of diffu-
sion discussed for drug molecules is then replaced by the so-called collective mode.

The rate of osmotic flow across a unit area of the membrane is determined
by the concentration and nature of osmolytes on both sides of the membrane,
temperature, and the hydraulic permeability of the membrane, which can be deter-
mined by measuring water flow when a hydrostatic pressure is applied across the
membrane. Osmotic flow is reduced when the membrane is partially permeable
to the osmolytes. As water flows into a device containing osmolytes, it dilutes
the osmolytes, lowering the osmotic pressure, unless new osmolytes are introduced,
for example, by dissolution.

We have already described osmotic pumps in which water invasion across
a membrane displaces drug through an orifice. Another way to use osmosis is to
coat individual drug particles with semipermeable polymers. After release from a
capsule, these particles are exposed to gastric fluid. Water crosses the polymer
coatings and dissolves the drug, leading to a gradient in solute concentration that
drives even more water inside. To accommodate, the coating must expand, and wall
stresses are developed. With sufficient osmotic driving force, the coating ruptures,
releasing the drug. Using different coating thicknesses, particles can be programmed
to burst at different times. The original time release capsules were based on
this principle.

A variation of the elementary osmotic pump theme involves particles or tablets
that are coated with a semipermeable polymer membrane which includes sparsely
but well-distributed aqueous pores. These pores can be created by excipients
blended into the membrane, which dissolve upon exposure to water. Here, water
flows across the semipermeable parts of the membrane and displaces dissolved drug
inside through the aqueous pores into the release medium.

2.3.5 Swelling

Swelling refers to the uptake of water by a polymer system, with increase in volume.
Swelling is often a prelude to polymer dissolution. However, swelling may
occur without dissolution if water and the polymer are insufficiently compatible,
if polymer chain length is sufficiently large, or if crosslinks are introduced to form
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a polymer network. Swollen polymer networks or hydrogels reviewed in Chap. 4
may imbibe many times their weight in water.

The swelling process is analogous to osmosis, since water enters the polymer
relatively rapidly, while dissolution of polymer into water, if it occurs, is compara-
tively slow because of the need for polymer chains to disentangle. The extent
of swelling depends on the compatibility of water with the polymer material, i.e.
the polymer’s hydrophilicity, and on the density of crosslinks between polymer
chains, if present. Hydrophobic polymers, reviewed in Chap. 3, imbibe very little
water and hence do not swell significantly.

Swelling is a mechanism by which release of otherwise confined drug is
activated. If swelling is rapid, then drug diffusion through the swollen polymer is
the controlling process for drug release. If swelling is relatively slow, then it can be
the process controlling the rate of drug release. A more detailed description of
swelling controlled systems is given in Chap. 7.

Swelling controlled release systems are typically glassy polymers at room and
body temperatures. Water uptake is initially resisted by the glass, but eventually it
makes its way into the free volume at the surface. The glassy polymer at the surface
relaxes to a configuration that is more compatible with water, and swells. This permits
water to intrude even further, and a moving front is often observed separating a
swollen outer layer from a dry inner core. Usually, swelling is accompanied by a
glass-to-rubber transition. If drug is trapped inside the glass, it will be liberated when
the polymer swells, and if it can diffuse through the softened matrix faster than water
can invade, then the release process is swelling controlled. Swelling dynamics are
often complex, and a variety of temporal release patterns are observed under swelling
control. Under proper conditions, swelling, dissolution of polymer chains, and drug
release may occur simultaneously, further contributing to complexity.

Swelling in a polymer may be induced or accelerated by drugs or other additives,
which act as effective osmolytes, drawing water into the polymer. By proper
selection of polymer, it is also possible to induce swelling by changes in external
parameters, such as temperature and pH, which may occur, for example, upon
ingestion. Reversible swelling and shrinking of hydrogels can also be induced by
alternating these parameters with concomitant on/off patterns of drug release.

2.3.6 Erosion and Degradation

Erodible and degradable drug delivery systems are popular, particularly for implantable
or injectable therapies, since they do not require retrieval after drug is fully released.
Presently, the most common erodible systems are based on poly(lactic acid) or poly
(lactic acid-co-glycolic acid), although systems based on poly(e-vinyl caprolactone),
poly(ortho esters), polyanhydrides, polyphosphates, poly(phosphazenes), and pseudo-
poly(amino acids) have also been utilized or studied. Important characteristics of
erodible systems are their mechanism and kinetics of erosion. Erosion products must
be nontoxic and excretable or resorbable. Principles and applications of erodible



38 R.A. Siegel and M.J. Rathbone

(@]
(@] ° ;f;‘%ooo
0 ol o= 0©
Odﬁf\}}.\@o
OOdapO /\ OO
Vo S o
0 N 0
)
Legend
o Drug

= Eroded polymer

Fig. 2.8 Diagrammatic representation of the three stages of release of drug from bulk eroding
polymers. The first stage (a) corresponds to drug that is released from the device surface or from
pores that are connected to the surface. A second, latent stage follows, during which there is little
degradation of polymer and the remaining drug is trapped (b). In the third stage, the trapped drug is
released rapidly when the polymer autocatalytically disintegrates (c)

systems are elaborated in Chaps. 5, 8, and 10. In this section, we call attention to two
limits of behavior in erodible systems, namely, bulk erosion and surface erosion.

Erosion of polymer monoliths occurs when components of the release medium,
especially water, attack covalent bonds in the polymer matrix. For hydrolytically
labile bonds, availability of water is an important determinant of local erosion rate.
Hydrolysis of bonds may also be acid or base catalyzed, and if so depends on local
concentration of proton donors and acceptors. For PLA and PLGA and other
polyesters or polyamides, acidic protons are provided by chain ends; hence, con-
centration of acid protons is inversely proportional to chain length.

Bulk erosion, depicted in Fig. 2.8, occurs when water invades the polymer more
rapidly than hydrolysis can occur. In this case, water establishes its presence
throughout the matrix, and chain scission processes are initiated everywhere.
Hydrolysis may initially be very slow, however, especially if the polymer chains
are long. Moreover, initial scissions may endow chains with sufficient mobility
that they migrate and form crystallites, which are less susceptible to hydrolysis.
However, once a certain degree of hydrolysis has occurred, the process may
accelerate. For example, formation of short chains may lead to overall loss of
polymer and increase in water concentration by diffusion and/or osmosis. If chain
scission results in the formation of acidic end groups and the scission process is acid
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Fig. 2.9 Diagrammatic representation of surface erosion. Drug trapped in the outer layers of
the delivery system is released into the surrounding media following erosion of the surface of the
polymer. Remaining drug is trapped in the delivery system; however, as time progresses,
the polymeric devise erodes from the surface inward and reduces in size, eventually resulting in
all drug being released

catalyzed, then erosion will be autocatalytic. Thus, bulk erosion may exhibit a
sustained quiescent phase, followed by rapid disintegration of the matrix. Prior to
disintegration, the dimensions of the device remain relatively constant.

Release of drug from bulk eroding polymers typically exhibits three stages.
The first stage corresponds to drug that is released from the device surface
or from pores that are connected to the surface. A second, latent stage follows,
during which there is little degradation of polymer, and the remaining drug is
trapped. In the third stage, the trapped drug is released rapidly when the polymer
disintegrates.

Surface erosion, illustrated in Fig. 2.9, occurs either when water invasion is slow
or hydrolysis is rapid. For example, polyanhydrides are exceptionally hydrophobic,
and the hydrolytically labile anhydride bonds are protected from exposure to water
in the interior of the polymer matrix. Thus, hydrolysis with accompanying drug
release only occurs at or close to the surface.

A hallmark of surface erosion is that device dimensions decrease with time.
If the device is formulated as a slab, then release will be approximately zero order,
since each time interval will correspond to the erosion of a layer of polymer and
release of drug incorporated in that layer. Erosion rate of cylinders and spheres
decreases with time, however, due to reduction in exposed surface area. In princi-
ple, drug release correlates with erosion.
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While the idealized mechanisms underlying bulk and surface erosion-controlled
release are simple, practical systems exhibit extra complexity. Pure surface erosion
is almost impossible to achieve, and diffusion of drug out of a matrix may occur
ahead of erosion. The drug itself may draw in water, and osmotic stresses (due
also to small chain fragments) in the polymer can lead to fracture and uneven
penetration. In bulk eroding systems, degradation may even occur more rapidly in
the interior of the device due to accumulation of autocatalytic erosion products
while leaching of these products leads to slower erosion at the surface. When this is
true, thicker matrices may erode more rapidly than thinner matrices.

This section has focused on erosion as a means for controlling drug release.
However, it is also possible to program polymer degradation to occur after
drug release is more or less complete. For example, hydrogels with degradable
crosslinks have been prepared for release of proteins. As these crosslinks degrade,
the hydrogel first swells, and then it eventually disintegrates when too few
crosslinks are left to maintain the polymer network. Eventually, only primary
polymer chains remain, and these are either excreted or resorbed. If degradation
is slow, then release is controlled by protein diffusion through the swollen hydrogel
network. If degradation of crosslinks is relatively rapid, then the swelling state
of the network may change during the release process, and a complex interplay
between swelling and diffusion will determine release Kinetics.

Finally, we note that water need not be the only agent causing polymer degrada-
tion. Incorporating enzyme-labile chains or crosslinkers into a polymer network
renders it susceptible to enzymatic degradation. For example, collagen and fibrin
gels are specifically degraded in the presence of collagenase and plasmin, respec-
tively. Enzyme-labile peptide fragments of collagen and fibrin can be incorporated
into other hydrogels, yielding similar, enzyme specific degradation patterns.
Enzyme-mediated degradation exhibits either surface- or bulk mediated erosion
features, depending on the ability of enzyme to diffuse into the network and the
reactivity of enzyme with the labile components of the network. Such enzyme-
degradable systems may be useful in tissue engineering applications, reviewed in
Chap. 17, as degradation of a hydrogel may be desirable with growth of tissue,
which is signaled by local release of enzyme by cells.

Besides enzymes, small molecules can trigger erosion by cleaving polymer
chains or crosslinks. For example, reducing agents can degrade polymers that include
disulfide bonds. Since small molecules readily diffuse in even moderately swollen
networks, bulk erosion is expected to predominate.

2.3.7 Regional Delivery and Targeting

The benefit of a drug can be greatly enhanced if it can be targeted to its preferred
site of action and kept away from sites associated with toxicity. Localization can
occur at the organ, tissue, cellular, and subcellular compartment or organelle level.
Direct administration at or near the site of action has already been discussed, with
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examples provided by systems designed for drug delivery to the eye and coronary
arteries. Direct injection of drug carriers into solid tumors or wound sites provides
another example. As a third example, the growth, integration, and vascularization
of surgically implanted tissue engineered constructs (Chap. 17) may require the
localized and well-timed release of growth and angiogenesis factors.

We have also discussed nanocarriers that distribute preferentially in tumors
by the EPR effect. To further specify delivery at the cellular level, it is necessary
to coat the carrier surface with ligands that bind to specific cell surface features,
such as polysaccharides or receptor proteins. Antibodies raised against antigens
expressed at the cell surface are the most obvious targeting ligands, but in recent
years peptide ligands have been designed based on other known interactions
between cell surface receptors and both soluble and extracellular matrix proteins.

Since tumor cells express multiple drug resistance transporters, release of drug
from the carrier at the cell surface may not result in increased drug uptake in target
cells. The drug/nanocarrier combination is likely to be more effective if it can be
brought into the cell by active processes, such as coated pit-mediated endocytosis.
Once in the cell, the drug needs to dissociate from the carrier and exit the endosome,
in either order. Further targeting of drug to an organelle may require that an organelle-
specific “address label” be conjugated to the drug. For example, gene and protein
delivery to the nucleus may require that a nuclear localization sequence be conju-
gated to the active biomolecule in order for the latter to be able to penetrate through
nuclear pores.

Targeting systems are the subject of Chaps. 10—12 and further examples are
provided in Chaps. 14-16.

2.4 Concluding Remarks

This chapter has illustrated a variety of controlled release strategies and underlying
mechanisms. We emphasize that several mechanisms may be at play in a particular
controlled release system, especially when more than one stage is involved. We also
have reviewed methods to achieve the various goals of controlled release, including
improved temporal presentation, drug protection, and localization of drug at the
preferred site of action.

This chapter and this book are written from the perspective that controlled
release adds substantial value to a drug. However, it should be recognized that
development of a controlled-release product can be expensive. For many drugs, the
extra expense may not be warranted on purely therapeutic grounds, although
developers may pursue controlled release formulations for marketing, quality
control, and regulatory reasons. Drugs with a relatively narrow therapeutic range,
drugs that are eliminated rapidly from the body, drugs whose efficacy would be
enhanced by targeting, and drugs that are susceptible to physiological degradation
before absorption are probably the best candidates for controlled release.
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Paradoxically, molecular entities that possess these attributes are often screened out
early in the discovery and development stages. With improved understanding of
controlled-release mechanisms and improved development of technologies, it may
be possible to increase the number of bioactive molecules that can be developed
fully into drug products [1-35].
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Chapter 3
Hydrophobic Polymers of Pharmaceutical
Significance

Osama A. Abu-Diak, Gavin P. Andrews, and David S. Jones

Abstract Over the recent years, the use of hydrophobic polymers for drug delivery
applications has dramatically increased. These materials offer particular promise
for controlled/sustained-drug release, thereby enhancing the pharmacological
effects of the drug. These controlled/sustained release drug delivery systems can
result in considerable clinical and economic advantages. The physicochemical
properties of the hydrophobic polymers and the design of the drug delivery system
both affect the mechanism by which a drug diffuses from the polymeric system.
This chapter provides an overview of the different types of pharmaceutical hydro-
phobic polymers, drug delivery applications of these polymers.

3.1 Introduction

The use of hydrophobic polymers in the pharmaceutical industry has received great
attention within the last few decades (8), due principally to the clinical and
economic benefits that can be achieved from the use of these polymers. Hydropho-
bic polymers can be used to produce drug delivery systems that can sustain or
control drug release for longer periods in the gastrointestinal tract (GI tract) and
hence result in more reproducible and uniform drug blood levels (88, 100). As a
result of extending the pharmacological effects of the drug, both drug dose and
frequency of administration can be reduced, thereby resulting in a lower incidence
of side effects. These effects can enhance the cost effectiveness and safety profiles
of drugs and thus improve patient compliance (8).

Sustained release dosage forms based on hydrophobic polymers can be fabricated
either as matrix systems (19, 72), in which the drug is dispersed homogeneously

0O.A. Abu-Diak ¢ G.P. Andrews * D.S. Jones (P<)
School of Pharmacy, Queen’s University of Belfast, 97, Lisburn Road, Belfast BT9 7BL, UK
e-mail: D.Jones@qub.ac.uk

J. Siepmann et al. (eds.), Fundamentals and Applications of Controlled Release 47
Drug Delivery, Advances in Delivery Science and Technology,
DOI 10.1007/978-1-4614-0881-9_3, © Controlled Release Society 2012


mailto:D.Jones@qub.ac.uk

48 O.A. Abu-Diak et al.

in the polymeric matrix, or as reservoir systems, in which the polymer surrounds
the drug core, release being controlled by the nature of membrane (40, 86).
The hydrophobic properties of these polymers reduce/minimize water penetration
into and through the system, resulting in retarded drug diffusion and hence lowered
drug release rate (41, 53).

Moreover, hydrophobic polymers can be used efficiently in drug colon targeting
applications with combination to the pH-dependent hydrophilic polymers to pro-
vide more controlled drug release behavior in colonic fluid medium (3). Addition-
ally, hydrophobic polymers have been used efficiently to target the highly water
soluble polysaccharides such as pectin and chitosan to colon, where enzymatic
degradation can take place (35, 80).

Hydrophobic polymers may be broadly categorized as biodegradable or nonbio-
degradable. Biodegradable polymers have advantages over the nonbiodegradable
polymers when employed as controlled release implants as there is no need to
remove the implants physically after completion of therapy (98).

Within the pharmaceutical literature, different manufacturing technologies have
been utilized to prepare hydrophobic polymer based drug delivery systems. These
include wet granulation (38, 63), direct compression (53, 72), hot melt extrusion
(HME) (79, 104), injection molding (69, 70), wet mass extrusion—spheronization
(1, 2, 15), and film coating (21, 40). Under certain circumstances, drug release from
hydrophobic polymeric platforms may be insufficient to ensure that the required
mass of drug is released over the normal residence time of the drug delivery system
within the GI tract. Therefore, the inclusion of hydrophilic polymer(s) within such
formulations may be used to enhance the drug release rate, thereby ensuring
complete drug release within 12-24 h (81, 91). Conversely, the inclusion of
hydrophobic polymers within hydrophilic polymer platforms containing highly
water soluble drugs can be a useful strategy to ensure successful controlled drug
delivery (8, 53).

Examples of pharmaceutically approved hydrophobic polymers that are currently
being investigated for drug delivery applications include: ammoniomethacrylate
copolymers (Eudragit® RL/RS), poly(ethylacrylate—-methylmethacrylate) (Eudragit®
NE30D), ethylcellulose, polyvinylacetate, polyethylenevinylacetate, and poly(e-
caprolactone). This chapter provides an overview of hydrophobic polymers that are
approved for pharmaceutical use, and describes examples of their applications as
drug delivery systems.

3.2 Examples of Hydrophobic Polymers and Their Drug
Delivery Applications

There are several examples of hydrophobic polymers that have been/are currently
being used for pharmaceutical applications. This section seeks to describe the key
properties of these polymers and to provide examples of their pharmaceutical uses.
In the interest of brevity, only the most common polymer and uses have been
described.
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3.2.1 Ammoniomethacrylate Copolymers

Eudragit®™ RL100/RLPO and RS100/RSPO are referred to as ammoniomethacrylate
copolymers (Types A and B, respectively) in the USP/NF 23 monograph. RL100
and RS100 are colorless clear to cloudy granules, whereas RLPO and RSPO are
white fine powders. RL100/RLPO and RS100/RSPO have a slight amine-like odor
and are freely soluble in acetone and alcohols (73). They are copolymers of ethyl
acrylate, methyl methacrylate, and a low content of a methacrylic acid ester with
quaternary ammonium groups (trimethyl ammonioethyl methacrylate chloride)
(Fig. 3.1) of average molecular weight about 150,000 gmol~'. Eudragit® RL100/
RLPO and RS100/RSPO are chemically defined as poly (ethyl acrylate, methyl
methacrylate, trimethyl ammonio ethyl methacrylate chloride) in the ratio of
monomers, viz., 1:2:0.2 and 1:2:0.1, respectively. Eudragit® RL100/RLPO contains
a higher percentage of ammoniomethacrylate units (8.85-11.96% on dry substance)
compared to Eudragit® RS100/RSPO (4.48-6.77% on dry substance) (USP/NF).
The ammonium groups are present as salts, making these polymers water perme-
able and physiologically pH-independent (45, 83). As a result of the difference in
the content of ammonium groups, RL100/RLPO and RS100/RSPO differ in their
water permeation rate, which is considerably higher in case of RL100/RLPO (72).
It was reported that films prepared from RL are freely permeable to water, whereas
films prepared from RS are only slightly permeable to water (88).

3.2.1.1 Hydrophobic Matrices Based on Ammoniomethacrylate Copolymers

The hydrophobic and the pH-independent properties of RL/RLPO and RS100/
RSPO polymers make them suitable for producing oral controlled/sustained release
drug delivery systems. Different approaches can be used for producing controlled/
sustained release dosage forms. Among these different approaches, matrix tablets
are still considered to be one of the most efficient and interesting from both the
economic and the process development aspects (51). It was reported that RLPO has
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better compaction properties than RSPO (72), and hence matrix tablets of excellent
flow and physical properties can be produced using RLPO by direct compression
even in absence of other excipients (10).

Due to the differences in their permeability, RLPO and RSPO can be used in
combination to produce matrix tablets of desired sustained release drug profiles.
RLPO and RSPO have been combined to modulate the release kinetics of theoph-
ylline from matrix tablets prepared by direct compression (72). The release rate of
theophylline from RLPO matrix tablets was observed to be too high; however, this
was effectively modified by the addition of RSPO to the matrix. The use of an
RLPO-RSPO ratio of 1:9 resulted in formulations that offered a similar release
profile of theophylline to that observed with commercial formulations.

As previously described, the release of a water soluble drug from a water soluble
polymeric platform is often rapid, and therefore, hydrophobic polymers may be
included within the matrix formulation to offer greater control of drug release. In this
scenario, hydrophobic polymers reduce the rapid diffusion of the dissolved drug
through the hydrophilic gel network (8). For this purpose, Eudragit® RSPO was
combined with a hydrophilic polymer, Methocel K100M, to reduce water penetra-
tion and retard the drug release of venlafaxine from matrix tablets prepared by direct
compression (53). The desired 16 h sustained release profile was achieved using
drug/polymer/ ratio of 1:2.2:2.2 and followed Higuchi kinetics, with cumulative
release proportional to the square root of time (see Chap 6).

In an alternative strategy, matrix tablets have been developed by direct
compression based on combination of hydrophobic polymers (RSPO and RLPO)
and a gelling hydrophilic polymer, hydroxypropylmethylcellulose (HPMC 60SH)
to achieve a (20 h) sustained release formulation of diltiazem hydrochloride (8).
Film coating of the matrix tablets using Eudargit® NE30D produced a delivery
system in which the release of diltiazem hydrochloride was pH-independent (from
1.2 to 7.4). Eudragit® RSPO was employed to delay the penetration of dissolution
medium into the matrix, thereby decreasing the drug release rate.

Inclusion of RLPO/RSPO as hydrophobic polymers in matrix tablets containing
gelling hydrophilic polymers such as HPMC can be used efficiently to further
sustain the release of water soluble drugs. The hydrophobicity of these polymers
reduces water penetration into the matrix tablets, which results in further retarda-
tion of drug release rate.

3.2.1.2 Solid Dispersions Based on Ammoniomethacrylate Copolymers

It has been demonstrated that the use of hydrophobic matrices containing solid drug
dispersions, i.e., systems in which a drug is molecularly dispersed within a polymeric
platform, is a valuable strategy in the production of sustained release products. For
example, solid dispersions of verapamil hydrochloride with Eudragit® RLPO or
Kollidon® SR, a directly compressible polymeric blend composed primarily of
polyvinylacetate (PVAc) and povidone (PVP), were prepared using solvent evapora-
tion method and then compressed into tablets (75). Drug release from RLPO tablets at
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Fig. 3.2 Drug release profiles from solid dispersions (3:7 Eudragit RLPO-RSPO containing 7%
metoprol tartrate, particle size of 200 um) prepared with fusion method (F) or solvent method (S)
compared with physical mixture of drug with the same ratios of polymers in phosphate buffer
solution (pH 6.8) (n = 3) (88)

drug—polymer ratio (1:3) were able to sustain the drug release up to 12 h, whereas
Kollidon® SR tablets at similar drug—polymer ratio only sustained drug release up to
8 h. In a similar fashion, Dahiya et al. prepared solid dispersions of promethazine
hydrochloride and Eudragit® RLPO and RS100 at different drug—polymer ratios (1:1
and 1:5) by solvent evaporation. The authors reported that drug release from the solid
dispersions was highly dependent on the type and amount of the polymer used.
Dissolution of the drug from RLPO matrices was greater than from systems
containing RS100, due principally to the higher swelling and permeation
characteristics of RLPO over a range of pH values (1.2-7.4). Tablets prepared by
direct compression from RLPO solid dispersions (ratio of 1:5) displayed extended
release of drug for 12 h (19).

In a similar fashion solid dispersions of metoprolol tartrate (7, 15, or 25% w/w)
were prepared by melting and solvent methods using different ratios of
RLPO-RSPO (0:10, 3:7, 5:5, 7:3, and 10:0) (88). At high drug contents (15 and
25% w/w), a significant initial burst effect was observed as a result of a nonhomo-
geneous dispersion of the drug in the polymer and the unincorporated metoprolol
around the matrix, which immediately dissolves in the medium. Solid dispersions
containing higher ratios of RSPO showed slower release rates than those containing
higher ratios of RLPO due to its lower permeability. Drug release from dispersions
was slower than from the physical mixtures (Fig. 3.2). Furthermore, at similar
drug—polymer ratios, drug release from systems prepared using the fusion method
was significantly slower than that from systems prepared using the solvent method.
Figure 3.3a and b show the effect of particle size on the drug release profiles from
platforms containing 7% drug loading and composed of two different ratios of RLPO
and RSPO (3:7 prepared using the fusion method and 5:5 prepared using the solvent
method). Solid dispersions with a particle size of 100 pm containing (7% w/w) of
metoprolol and 5:5 ratio of RLPO-RSPO prepared by solvent method or 3:7 ratio of
RLPO-RSPO with fusion method had similar release pattern to Lopressor™
sustained-release tablets up to 8 h.
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Fig. 3.3 Drug release profiles from solid dispersions of (a) 3:7 (by fusion method), (b) 5:5 (by
solvent method) Eudragit RLPO-RSPO with different particle sizes containing 7% metoprolol
tartrate in phosphate buffer solution (pH 6.8) (n = 3). (88)

RLPO and RSPO can be used alone or in combination as efficient carriers in
solid dispersions to produce sustained drug release profiles. Matrix tablets prepared
from RLPO/RSPO solid dispersions usually have slower drug release profiles than
matrix tablets prepared from the corresponding physical mixtures. The intimate
contact between the drug and the polymers within the solid dispersions plays an
important role in such further retardation effects. Preparation method, drug loading,
RLPO-RSPO ratio, and particle size of the solid dispersions are important factors
that can affect the drug release profile, which need to be considered in optimizing
the final formulation to achieve the desired drug release profile.

3.2.1.3 Hot Melt Extrusion Based on Ammoniomethacrylate Copolymers

Hot meltextrusion (HME) technology has received great interest in the pharmaceutical
industry over the last decade as an alternative manufacturing process to produce
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different dosage forms such as tablets, pellets, and granules (9, 16). This process has
been employed to prepare controlled release hydrophobic matrix tablets using
Eudragit® RSPO (79, 104). For efficient hot melt extrusion, a plasticizer may be
required to facilitate polymer flow and to lower processing temperatures, thereby
reducing drug degradation during the process and increasing the stability of the drug
and the polymer. In addition to the state of the drug and the composition of the
formulation, plasticizers may affect drug release from hydrophobic polymeric matri-
ces prepared by HME. For example, citric acid monohydrate (a solid state plasticizer)
has been shown to enhance the release of diltiazem hydrochloride from melt extruded
RSPO tablets, due principally to enhanced pore formation, improved drug dispersion in
the plasticized polymer and the increase in the polymer aqueous permeability (79). The
influence of the level of triethylcitrate (TEC), a water soluble plasticizer, on drug
release from hot melt extrudates containing RSPO and highly water soluble drugs,
chlorpheniramine maleate and diltiazem hydrochloride has been described by Zhu
et al., (103, 104). In these studies, chlorpheniramine maleate, but not diltiazem
hydrochloride, was observed to offer solid state plasticization of Eudragit® RSPO on
RSPO (103, 104). The release of chlorpheniramine maleate from the melt extrudates
was increased with increasing TEC concentration. The authors attributed these
observations to the leaching out of triethyl citrate from the melt extrudates, thereby
creating channels within the melt extruded matrix tablet (11, 104). Therefore, it is
important to consider the effects of the plasticizer type and amount used on the drug
release profiles during formulation of hot melt extruded dosage forms. Additionally,
these formulations must be monitored in terms of drug release properties during
stability as liquid plasticizers may leach out of the formulations during storage as a
result of their volatility. Additionally, the change in the amount of plasticizer during
storage may affect the mechanical properties of hot-melt extruded matrix tablets,
which significantly may affect the drug release profiles and drug bioavailability.

3.2.1.4 Drug Coatings Based on Ammoniomethacrylate Copolymers

Eudragit® RL and RS are commonly used in film coating of solid dosage forms to
produce controlled release reservoir systems. Typically, the coating is applied as an
organic polymer solution or as an aqueous colloidal polymer dispersion (64). Aque-
ous colloidal dispersions of Eudragit® RL30D and RS30D (30% w/w dry substance)
form water-insoluble pH independent swellable films across which drug release may
be effectively controlled (93). Film coatings that have been deposited from aqueous
polymeric dispersions are frequently associated with physical aging during storage
(39). The mechanism by which films are formed from aqueous polymeric dispersions
is more complex than those encountered with organic polymer solutions (24). In
aqueous systems, the coalescence of individual colloidal particles and the interdiffu-
sion of polymeric particles must occur to form a continuous film (28). Since the
coalescence of the colloidal polymer particles into a homogeneous film is often
incomplete after coating with aqueous polymeric dispersions, further coalescence
of the colloidal particles occurs during storage as the polymer relaxes toward an
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equilibrium state (termed physical aging) (99). These effects result in a decreased
void volume (porosity), an increase in polymer tortuosity, and a resultant decrease in
the rate of drug release (102). Therefore, with aqueous colloidal polymer dispersions,
a thermal after-treatment (curing) at elevated temperatures (above the Tg of the
polymer) is often recommended to complete film formation and to avoid changes
in the release profiles during storage (4, 97). Various strategies have been proposed to
overcome aging of hydrophobic coatings of pharmaceutical dosage forms.
For example,

1. Storage of the dosage form at high humidity may increase the physical aging of
polymeric films and therefore this factor must be controlled (96, 99).

2. The degree of coalescence of the colloidal polymeric particles increases as the
mass of plasticizer in the coating increases, producing less pronounced aging
effects (4).

3. Thermal treatment along with high concentrations of micronized talc stabilizes
drug release from pellets coated by Eudragit® RS/RL30D plasticized with TEC
(54).

4. Curing of Eudragit® RS30D film coated pellets at an elevated temperature
(above the glass transition temperature), Tg of the polymeric film, after coating
is efficient in reducing the aging effects and hence in stabilizing drug release
rate (99).

5. Inclusion of the enteric polymer of high Tg, e.g., Eudragit® L100-55, to RS30D,
results in a more stabilized drug release rate from theophylline coated pellets
during storage compared with the pellets coated with RS30D alone without
Eudragit® L100-55. These results are mostly attributed to the network change
in the RS polymeric films as a result of the formation of miscible system between
Eudragit® L100-55 and RS30D, which has a single higher Tg than the Tg of RS
polymeric films without L.100-55. This increase in the Tg of RS30D polymeric
films with the inclusion of L100-55 results in a greater restriction of the mobility
of RS30D polymeric films. Hence, the aging effects during storage under
accelerated conditions are minimized (99).

6. Addition of a hydrophilic polymer, hydroxyethylcellulose (HEC) to Eudragit®
RS30D dispersions stabilizes the drug release rates during storage. This stabili-
zation effect of HEC is related to the formation of an immiscible secondary
phase surrounding the colloidal particles, which interferes with further coales-
cence of the colloidal RS particles (102).

7. The ionic electrostatic interactions between lactic acid (LA) and aqueous
dispersions of RL and RS minimize the physical aging effects, resulting in
stabilized paracetamol release from the coated tablets during storage at different
accelerated storage conditions (59).

To reduce the physical aging problems associated with the incomplete coales-
cence of polymer particles after coating from aqueous colloidal dispersions, it is
important to consider the coating formulations in terms of adding optimum type and
amount of plasticizer that can aid in coalescence of polymer particles during
coating process. Consequently, more reproducible drug release properties can be
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achieved following storage. Additionally, as described in the aforementioned
examples, additives can play important roles in such stabilization based on their
miscibility and interactions with the coating polymer. Regarding the process, it is
better to leave the batch after the coating process for a certain period of time for
drying at a specific temperature above the glass transition temperature of the
coating polymer to improve the coalescence of polymer particles.

3.2.2 Poly(ethylacrylate—methylmethacrylate)

Eudragit® NE 30D and Eudragit® NE 40D (30% and 40% w/w dry substance,
respectively) are aqueous colloidal dispersions based on neutral (nonionic) poly
(ethylacrylate—methylmethacrylate) (2:1) copolymers (Fig. 3.4) that are prepared
by emulsion polymerization. Highly flexible film coatings may be produced by poly
(ethylacrylate—-methylmethacrylate) aqueous dispersions without using any
plasticizers, as the polymer has low minimum film-forming temperature (5°C)
(6, 85). This film flexibility is related to strong interchain interactions (6). The
nonionic hydrophobic properties of poly(ethylacrylate—methylmethacrylate) make
this polymer suitable to be used as a sustained release coating material for solid
dosage forms forming pH-independent drug release profiles over entire pH range of
the GI tract (95). There have been several examples of the use of this polymer, as a
coating, for the development of controlled drug release formulations. For example,
Tian et al (86) reported the formulation of a controlled release pellet formulation
containing venlafaxine hydrochloride that was coated with Eudragit® NE30D. Using
this approach, a once daily sustained release formulation was possible. Similarly,
improved release profiles of ofloxacin were obtained from pellets that had been coated
with Eudragit® NE30D and Eudragit® L30D55, at a ratio of 1:8 (w/w) and containing
the plasticizer diethyl phthalate (DEP) (18). Finally, using a combination of Eudragit
NE 30D and Eudragit L30D-55 as coatings, El-Malah and Nassal (25) successfully
reported the delayed release of verapamil hydrochloride.
Poly(ethylacrylate—methylmethacrylate) has additionally been successfully been
employed for colonic delivery of therapeutic agents. For example, in one study
theophylline pellets were coated with Eudragit® NE30D aqueous dispersions,
containing various pectin HM:Eudragit® RL30D ionic complexes (80). It was shown
that without pectinolytic enzymes, the release of theophylline from the coated pellets,
after an initial latency phase, occurs linearly as a function of time and was dependent on
the pectin HM content. The lowest theophylline release from the coated pellets was
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obtained whenever the pectin HM content was 20.0% w/w (related to Eudragit® RL),
i.e., when the complexation between pectin HM and Eudragit® RL is optimal. Conse-
quently, the coating permeability and the release of theophylline from the coated
pellets was also minimal resulting in the slowest drug release rate. The degradation
and leaching of pectin from the coatings in presence of the pectinolytic enzymes
resulted in the solvation, swelling of Eudragit® RL. This, in turn, induced stresses in
the film coatings, thereby facilitating (increasing) the release of theophylline (80).

Film coatings based on poly(ethylacrylate—methylmethacrylate) are efficient in
sustaining release profiles of different drugs. The composition of the cores can
determine the permeability of the surrounding film-coatings and consequently the
drug release profiles through these films.

3.2.3 Ethylcellulose

Ethylcellulose (EC) is a semisynthetic cellulose derivative that widely used in the
pharmaceutical industry as a pharmaceutical coating due to its excellent film
forming properties, good mechanical strength, and relatively low cost (42). This
polymer has been widely used to control drug release from solid dosage forms (63).

3.2.3.1 Hydrophobic Matrices Based on Ethylcellulose

Owing to its hydrophobic properties, ethylcellulose reduces the penetration of water
into the solid polymeric matrix, hence reducing drug release. Combination of this
polymer with hydroxypropylmethylcellulose (HPMC K100M) in matrix tablets
prepared by direct compression was reported to sustain the release of venlafaxine
hydrochloride up to 16 h at drug—ethylcellulose—HPMC ratio of 1:2.2:2.7 with the
release following Higuchi kinetics (53). Similarly, inclusion of ethylcellulose, at a
concentration of 14% w/w of the matrix of tablets composed of RLPO and RSPO
prepared by wet granulation resulted in an extended release profile of zidovudine
for up to 12 h, whereas only a maximum of 6 h sustained release profile was
achieved from the matrix tablets formulated without ethylcellulose (41). The
authors accredited these observations to the effects of ethylcellulose on the
hydrophobicity of the tablet matrix and the concomitant reduction in the rate of
penetration of dissolution fluid into the matrix. Moreover, the addition of
ethylcellulose to the RLPO and RSPO formulations reduced the initial burst release
of zidovudine in the acidic medium, hence decreasing the chances of dose dumping.
The drug release kinetics the indicated a combined effect of diffusion and erosion
release mechanisms from the matrix tablets. In a further example, ibuprofen mini
tablets containing HPMC or ethylcellulose were produced by direct compression.
At similar drug/polymer ratio, tablets based on ethylcellulose provided a greater
sustained release of drug than the HPMC counterpart (50). A final example of the
use of ethylcellulose involves the formulation of sustained-release bilayer matrix
tablets of propranolol hydrochloride, reported by Patra et al. (63). In these, one
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layer was formulated (using superdisintegrants) to offer rapid release to provide the
loading dose of the drug. The second layer was composed of Eudragit® RLPO,
Eudragit®™ RSPO and ethylcellulose and was designed to provide controlled release.
The hydrophobic polymers were added at three different drug/polymer ratios (1:0.5,
1:1, and 1:1.5). The increase in the proportion of ethylcellulose resulted in a
decrease in drug release. Using drug/ethylcellulose ratios of 1:1 and 1:1.5 resulted
in the desired release profile over the test period of 12 h, whereas only the drug/
polymer ratio of 1:1.5 for RLPO and RSPO polymers resulted in the 12-h sustained
release profiles.

The previously mentioned examples suggest a high efficiency of ethylcellulose
to act as a drug release retardant from matrix tablets when it is used alone or in
combination with other hydrophobic or hydrophilic retardant polymers to further
sustain the drug release profiles. This sustained drug release effect by ethylcellulose
is highly dependent on the concentration of polymer used and is mostly related to its
hydrophobicity.

Sustained-release hot-melt extruded matrices of ibuprofen (89) and metoprolol
tartrate (90) have been produced using ethylcellulose. No plasticizer was required
to process ibuprofen containing formulations due to the solid state plasticization
effect of ibuprofen. Conversely, dibutyl sebacate was added as a plasticizer at
50% (w/w) of the ethylcellulose concentration to metoprolol tartrate formulations.
Controlled drug release was achieved from these formulations. Furthermore, the
authors illustrated that the release of each drug may be enhanced by the addition of
xanthan gum due to the higher liquid uptake into these formulations.

The effect of the concentration and molecular weight of a hydrophilic polymer
(polyethylene glycol or polyethylene oxide) on metoprolol tartrate release kinetics
from ethylcellulose minimatrices were described by Verhoeven et al. (91, 92). The
authors found that increasing the concentration of either hydrophilic polymer
increased the rate of drug release, whereas the influence of molecular weight of
the hydrophilic polymers was dependent on its concentration. The mechanisms of
drug release from these formulations were strongly dependent on the composition
of the formulations. At high concentrations of polyethylene glycol or polyethylene
oxide (20%) and/or intermediate concentrations (2.5-10%) of low molecular
weight variants of these hydrophilic polymers (<100,000 Da), drug diffusion was
the predominant release mechanism. Conversely, at low concentrations of these
hydrophilic polymers contents and intermediate concentrations of high molecular
weight (1,000,000 and 7,000,000 Da.) variants of these polymers, changes in matrix
porosities significantly affected the diffusion of the drug from the ethylcellulose-
based minimatrices.

A hot melt extruded ethylcellulose pipe surrounding a drug-containing hydr-
oxypropyl methylcellulose (HPMC)—Gelucire®™ 44/14 core was developed (55).
The developed drug delivery system was successful in producing a sustained
zero-order, erosion controlled, release profile that was independent of drug solubil-
ity. Shortening the length of the ethylcellulose cylinder accelerated drug release,
while modifying the diameter did not affect the drug release rate. These unexpected
results were justified by the authors based on calculating the relative surface area of
the matrix core of the matrix-in-cylinder system, where the drug release rate was
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independent of the diameter of the matrix-in-cylinder and it was only a function of
the length of ethylcellulose cylinder. A randomized cross over in vivo study in dogs
revealed that the matrix-in-cylinder system containing propranolol hydrochloride
has an ideal sustained release profile with constant plasma levels maintained over
24 h (56). Moreover, administration of the matrix-in-cylinder system resulted in a
fourfold increase in propranolol bioavailability when compared with a commercial
sustained release formulation (Inderal®).

Sustained release injection molded matrix tablets of metoprolol tartrate were
developed based on ethylcellulose (69). Formulations containing ethylcellulose,
plasticized with dibutyl sebacate, and low substituted hydroxypropylcellulose
(L-HPC) were first melt extruded and subsequently injection molded into tablets
at different temperatures. Incomplete drug release (<50%) within 24 h was
observed from tablets containing only ethylcellulose (4 cps). Increasing the mass
of L-HPC in the formulation resulted in significantly higher drug release rates due
to its hydrophilic swelling properties, achieving complete drug release after 16 h.
Based on the Ritger—Peppas classification, the release mechanism shifted from
diffusion controlled, in formulations without L-HPC, toward anomalous transport
at higher L-HPC concentration. In the later case, the drug release occurred via drug
diffusion through the micro capillary network formed after dissolution of
metoprolol clusters in the tablet and by disruption of the matrix structure due to
the swelling properties of L-HPC. Similarly, the effect of hydroxypropylmethyl-
cellulose (HPMC) on the release of metoprolol tartrate from ethylcellulose matrix
tablets prepared by combination of HME and injection molding was studied.
Tablets containing 30% metoprolol and 70% ethylcellulose showed an incomplete
drug release within 24 h (<50%). Substituting part of the ethylcellulose fraction
with HPMC (HPMC—ethylcellulose ratios of 2:5 and 1:1) resulted in faster and
constant drug release rates. Formulations containing 50% HPMC had a complete
and first order drug release profile with drug release controlled via the combination
of diffusion and swelling/erosion (70).

These examples suggest the efficiency of ethylcellulose to act as a controlled
release platform in hot melt extrusion using either liquid plasticizers or the solid
state plasticizing effects of the drug. HME based on ethylcellulose was efficient in
producing sustained release dosage forms such as tablet matrices, minimatrices,
matrix-in-cylinder, injection molded tablets. Incorporation of hydrophilic additives
such as xanthan gum, polyethylene glycol/polyethylene oxide, L-HPC, and HPMC
can enhance the diffusion of drug from ethylcellulose matrix due to the hydrophi-
licity of these additives that result in increasing water penetration through the
matrix and hence increasing drug diffusion.

3.2.3.2 Coatings Based on Ethylcellulose

Ethylcellulose is widely used to coat solid dosage forms, being applied either as
organic polymeric solutions or aqueous colloidal polymeric dispersions (65). Two
aqueous colloidal polymeric dispersions are available for use in controlled release
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applications (Aquacoat™ ECD and Surelease®). These are highly concentrated (30%
and 25% w/w ethylcellulose, respectively) with relatively low viscosities (71).

It has been reported that theophylline release rates from pellets coated with
aqueous ethylcellulose dispersions (Aquacoat™) were too slow due to the poor
permeability of ethylcellulose films to drug diffusion (81). This problem was
overcome by the inclusion of a low percentage of a water soluble poly (vinyl
alcohol)-poly (ethylene glycol) (PVA-PEG) graft copolymer. Even at low loadings,
this hydrophilic copolymer significantly increased the rate and extent of water
uptake and hence the permeability of the films to drug diffusion. It was
demonstrated that a broad spectrum of pH independent drug release rates were
obtained from drug loaded pellets by simply varying the PVA-PEG graft copoly-
mer content. In addition to its contribution in enhancing theophylline release rate
from EC coated pellets, it has been shown by Siepmann et al. (82) that the addition
of small amounts of PVA-PEG graft-copolymer to aqueous EC dispersions
provides long term stable drug release patterns even upon open storage under stress
conditions. The presence of this hydrophilic compound can be expected to trap
water within the film coatings during coating and curing, thus facilitating polymer
particle coalescence.

Drug release from ethylcellulose-coated pellets (coated using Surelease®™) has been
reported to be highly dependent on drug type and coating level (74). As the coating load
of Surelease™ increased the rate of drug release decreases. It was shown that at similar
coating load metoclopramide hydrochloride (a water-soluble cationic drug) release
from the ethylcellulose coated pellets was slower than from diclofenac sodium
(a sparingly soluble anionic drug) coated pellets. The slower release of metoclopramide
hydrochloride may be due to an in situ formation of a poorly soluble complex of the
cationic drug and the anionic ammonium oleate present in Surelease® as a surfactant.
This complex, because of its large molecular size, may diffuse more slowly through the
film, causing a reduction in the release rate of metoclopramide hydrochloride.

A dry powder coating technology using micronized ethylcellulose has been
developed for application in a fluidized bed coater (Glatt® GPCG-1, Wurster
insert), and this technology has been applied as a pellet coating to produce a
sustained-release propranolol hydrochloride dosage form (65). The dry coating
process (batch size = 1.2 kg) was performed using a powder feed rate of 10-14 g
min~' at a product temperature 45-47°C. It was shown that despite its high
Tg (133.4°C), micronized ethylcellulose powder can be used for dry powder
coating (with the aid of a plasticizer). Although the coated pellets had an uneven
surface, an extended drug release profile was produced using a coating level of
15% w/w after curing the pellets at 80°C for 24 h. This curing step was required for
complete coalescence of the polymer particles. Both the cured and uncured
ethylcellulose coated pellets showed unchanged drug release profiles upon storage
at room temperature for 3 years mostly because of its high Tg (Fig. 3.5). In a
subsequent study, it was shown that EC coated pellets prepared using the dry
powder coating required a higher coating level than pellets coated with the aqueous
dispersions, Aquacoat®™ ECD, to achieve a similar extended release profile (66). In
addition, a higher amount of plasticizer was used with the dry powder coating.
Pellets coated with the ethanolic ethylcellulose solution had the slowest release.
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Fig. 3.5 Effect of storage at
room temperature on
propranolol hydrochloride
release from ethylcellulose
powder coated pellets:

(a) uncured pellets; and

(b) cured pellets at 80°C for
24 h (coating level, 30.3%;
40% acetylated
monoglyceride) (65)
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The use of ethylcellulose as a coating polymer is highly efficient in producing
sustained drug release profiles. Drug release from ethylcellulose based film-
coatings depends on the coating level, drug solubility, and the form in which the
polymer is applied in the coating process, i.e. as powder, aqueous colloidal
dispersion, or organic solution. Addition of hydrophilic additives such as PVA-PEG
graft copolymer may increase the drug release rate and the stability of
ethylcellulose-based coated dosage forms.
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3.2.4 Polyvinylacetate

Polyvinylacetate (PVAc) is a thermoplastic synthetic amorphous homopolymer
(Fig. 3.6) with a relatively low glass transition temperature (Tg = 32.7 and
35.9°C for PVAc of molecular weight 12,000 and 45,000, respectively). It is a
predominantly water insoluble polymer that is used to produce controlled release
drug delivery systems.

3.2.4.1 Hydrophobic Matrices Based on Polyvinylacetate

The thermoplastic properties of PVAc and its relatively low glass transition temperature
make this polymer particularly suitable for HME. Sustained-release theophylline
matrix tablets based on PVAc have been prepared by HME at a temperature of 70°C
(101). The cylindrical extrudates were either cut into tablets or ground into granules
and compressed with other excipients into tablets. Theophylline was present in the
extrudate in its crystalline form and was released from the tablets by diffusion.
Increasing the granule size resulted in a significant decrease in drug release rate as
aresult of the longer diffusion pathway. Higher drug loading levels resulted in faster
drug release due to presence of drug clusters on the surface of the matrix. Inclusion of
water soluble polymers such as hydroxypropylcellulose and polyethylene oxide in
the matrix resulted in significant increase in drug release rates due to the formation of
highly porous structure as a result of the dissolution of these hydrophilic polymers,
and hence more drug diffusion through the matrix system.

Kollidon™ SR is an extended release excipient based on polyvinylacetate and
polyvinylpyrrolidone (8:2) and is used in preparation of sustained-release matrix
tablets. Extended-release matrix tablets containing ZK 811 752, a weakly basic
drug, were successfully prepared based on Kollidon® SR (38). Addition of the
(highly swellable) maize starch and (the water-soluble) lactose accelerated the drug
release in a more pronounced manner compared to the water insoluble calcium
phosphate. Drug release rate from the matrix tablets prepared by wet granulation
was faster than the tablets prepared by direct compression. Stability studies
conducted at 25°C/60% RH, 30°C/70% RH and 40°C/75% RH showed no drug
degradation upon storage at 25°C/60% RH, 30°C/70% RH and 40°C/75% RH for
up to 6 months. Reproducible drug release patterns were obtained for matrix tablets
stored at 25°C/60% RH, 30°C/70% RH for up to 6 months that remained almost
unchanged compared to the initial release profiles. On the contrary, drug release
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from matrix tablets stored at 40°C/75% RH decreased slightly. After 6 h initially
53% drug has been released versus only 47 and 43% drug release after storage for
3 and 6 months, respectively. These changes in the in vitro drug release for tablets
stored at 40°C/75% RH may be related to the increase in the hardness of the
tablets as a result of storing the matrix tablets at 40°C above the glass transition
(Tg) of the polymer (PVA/PVP) (Tg = 35°C) and then storing them at room
temperature before dissolution testing.

In another study, hot-melt extruded extended-release minimatrices were devel-
oped based on Kollidon® SR using ibuprofen and theophylline as model drugs (60).
It was shown that ibuprofen had solid-state plasticization effects on Kollidon® SR,
whereas no such effects were observed on the polymer by theophylline. Increasing
ibuprofen concentrations resulted in a significant decrease in the Tg of Kollidon®
SR and the torque generated during the HME process. According to the differential
scanning calorimetry (DSC) and X-ray diffraction (XRD) analyses, ibuprofen
(<35% w/w) remained in an amorphous or dissolved state within the extrudates,
whereas theophylline was dispersed in the polymer matrix. This can be related to
the higher miscibility of ibuprofen with Kollidon® SR than theophylline especially
that ibuprofen showed solid state plasticization effects on Kollidon® SR, whereas
theophylline did not show such effects. The drug release rates were increased
with increasing amounts of ibuprofen or theophylline in the hot-melt extrudates.
A higher processing temperature resulted in decreasing theophylline release rate,
which was most probably due to the formation of extrudates that have more dense
structure and lower porosity as a result of decreasing the melt viscosity during HME
with increasing the processing temperature. Conversely, ibuprofen release rate
increased with increasing extrusion temperature, which was mostly due to the
increase in the water uptake by the extrudates as a result of the plasticizing effects
of ibuprofen on Kollidon® SR. Inclusion of a plasticizer (Triethyl citrate) at 5% w/
w in theophylline/Kollidone®™ SR formulations was sufficient to improve their
processibility. Theophylline release rate from hot melt extrudates decreased with
increasing TEC level due to formation of a denser matrix. Inclusion of Klucel® LF
as a hydrophilic additive to the melt extrudates resulted in increasing ibuprofen and
theophylline release rates as a result of its leaching out from the extrudates, creating
a more porous matrix.

The low glass transition temperature of PVAc makes Kollidon® SR suitable for
HME. Sustained-release hot melt extruded matrix tablets and minimatrices can be
produced efficiently based on Kollidon® SR. The drug release from Kollidon® SR
formulations depends on the drug loading, type and amount of hydrophilic additives
added to the formulations. Attention must be taken upon storage of PVAc based
matrices at temperatures above its glass transition temperature. The effect of
extrusion temperature on the drug release profiles from Kollidon® SR matrices
depends on the type of drug used and its miscibility and interactions with Kollidon®
SR, which as well may affect the solid state properties of the drug within the matrix
tablets.
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3.2.4.2 Coatings Based on Polyvinylacetate

In addition to its use as a tablet matrix, polyvinylacetate and its copolymers have
been used as a coating for solid dosage forms. For example, Dashevsky et al. (21)
investigated the properties of Kollicoat™ SR, an aqueous colloidal dispersions
based on polyvinylacetate (27%, w/v) and polyvinylpyrrolidone (2.5%, w/v), that
can be used for sustained release coatings. The release of propranolol HCIl from
Kollicoat® SR 30D coated pellets was reported to decrease with increasing
coating level. Using this approach, a 12-h controlled release profile was obtained
for propranolol hydrochloride, in which the mass of the coating was from 10 to
15% w/w.

Based on their mechanical and dissolution properties, coatings based on
chitosan/Kollicoat® SR 30D films have been proposed for use as colon targeted
systems. The extent of film digestion in simulated colonic fluid (SCF) by rat cecal
bacterial enzymes or B-glucosidase was directly proportional to the amount of
chitosan present within the film (94). The release rate of theophylline from tablets
coated by different chitosan/Kollicoat™ RS 30D blends was influenced by the
amount of chitosan present in the film and the coating levels. Increasing the coating
levels resulted in a decrease in the release rate due to the increased diffusion
pathway. The drug release was faster in simulated gastric fluid (SCF) than that in
simulated intestinal fluid (SIF) since chitosan dissolved and leached from the
coating in acidic medium as a result of the protonation of its amine groups. Faster
drug release in SCF than in simulated gastric fluid (SGF) or SIF demonstrated the
susceptibility of chitosan to degradation by the bacterial enzymes in SCF. Drug
release was controlled by polymer relaxation. The in vivo pharmacokinetic studies
of the coated tablets in rats showed delayed Tmax, decreased Cmax, and prolonged
mean residence time (MRT), indicating the efficiency of Chitosan/Kollicoat®™
SR30D coating system to target drug delivery to the colon (46).

SAG/ZK, a potent drug candidate for the oral treatment of inflammatory
diseases, has a short biological half life and it exhibits a pH-dependent solubility
because of its weakly basic nature. Drug release from conventional pellet
formulations decreased with increasing pH values of the dissolution medium.
Extended drug release pellets were prepared by extrusion/spheronization followed
by film coating with Kollidon™ SR (28). To achieve pH-independent drug release,
different organic acids were incorporated into the core pellets. The addition of
fumaric acid was found to lower the pH values within the core pellets during the
release of SAG/ZK in phosphate buffer pH 6.8. Therefore, increased release rates at
higher pH values were observed leading to pH-independent drug release. Con-
versely, drug release remained pH-dependent for pellets containing tartaric and
adipic acid as a result of their lower acidic strength and higher aqueous solubility of
these acids.

These aforementioned examples indicate that Kollicoat®™ SR can produce effi-
cient sustained release film-coatings. Drug release rate from these film-coatings
depends on the coating level and the composition of the cores and the films.
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3.2.5 Polyethylenevinylacetate

Polyethylenevinylacetate (EVA) copolymer is composed of long chains of ethylene
and vinyl acetate groups randomly distributed throughout the chains (Fig. 3.7). The
weight percent of vinyl acetate usually varies from 10 to 40%, with the remainder
being ethylene. EVA is inexpensive, nonbiodegradable, biocompatible polymer that
has been approved for human use by Food and Drug Administration (43, 77, 78).

3.2.5.1 Hydrophobic Matrices Based on Polyethylenevinylacetate

EVA copolymer has been widely used as a polymeric matrix to produce controlled-
release polymeric implant devices of high (macromolecules) or small molecular
weight compounds (30). HME is a highly viable method of producing implants of
EVA as it is thermoplastic, heat processable and flexible (58, 87). The vast majority
of papers that have employed EVA have been designed as biomedical implants,
some of which are described in this section.

Implanon® is a controlled-release implants based on EVA copolymer developed
by Organon using HME technology. Implanon® is designed to release progestagen
for a period of 3 years (87). The properties of the polymer can be adapted by varying
the amount of vinyl acetate (12, 76). By increasing the amount of vinyl acetate, the
crystallization process of the polyethylene segments is disturbed. As a consequence,
the copolymer becomes less crystalline and thus more permeable (32, 44).

Haik-Creguer et al. (30) developed very small uniformly sized implants based on
microextrusion technology. Using microextrusion it was possible to incorporate
small masses of drugs into EVA polymer and consequently this technology was
successfully used to produce controlled release implant devices (based on EVA
polymer) of several compounds such as alpha-methyl-p-tyrosine, diazepam,
quinolinic acid, and phencyclidine. Each substance was slowly released from the
polymer for up to 120 days at daily rates varying from 18.4 pg for phencyclidine to
97.6 pg/day for diazepam. Release was dependent on the hydrophilic properties of
the drug. Drug release resulted in the formation of pores formation within the EVA
matrix thereby facilitating further release.

An implantable stent containing 5-fluorouracil (5-FU) was fabricated by coating
a film, composed of one 5-FU-containing EVA copolymer layer and one drug free
EVA protective layer, around a commercial self-expandable nitinol stent with the
drug free EVA layer facing the lumen of the stent (27). The stents with various drug
loadings were implanted into rabbit esophagus. Quantitative analysis of 5-FU
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showed that the 5-FU concentration adjacent to the esophageal tissue was over-
whelmingly higher than that in serum or liver at all the investigation time points
until 45 days. The authors concluded that the 5-FU-loaded esophageal stent offered
long term, effective local drug delivery.

A biocompatible sustained-release subretinal implant was developed successfully
based on coating nitinol, poly(methyl methacrylate), or chromic gut core filament
with a drug eluting polymer matrix composed of a mixture of poly(butyl methacry-
late) and poly(ethylene-co-vinyl acetate) (5). Triamcinolone acetonide and sirolimus
were used as model drugs. The implant had the ability to elute triamcinolone
acetonide for a period of at least 4 weeks without eliciting an inflammatory response
or complications, suggesting good biocompatibility and efficacy.

Controlled DNA delivery systems based on EVA implantable polymer matrices
were developed and characterized (52). Herring sperm DNA and bacteria phage
lambda DNA were encapsulated as a model system. Released DNA concentration was
determined by fluoroassays. Agarose electrophoresis was used to determine the
dependence of release rate on DNA size. Both small and large DNA molecules
(herring sperm DNA, 0.1-0.6 kb; GFP, 1.9 kb; lambda DNA, 48.5 kb) were success-
fully encapsulated and released from EV Ac matrices. Release from the DNA-EVAc
systems was diffusion controlled. When coencapsulated in the same matrix, the larger
lambda DNA was released more slowly than herring sperm; the rate of release scaled
with the DNA diffusion coefficient in water. The chemical and biological integrity of
released DNA was not changed. These low cost and adjustable controlled DNA
delivery systems, using the FDA approved implantable/injectable material, EVAc
could be useful for in vivo gene delivery, such as DNA vaccination and gene therapy.

The sublingual formulation of buprenorphine has been associated with variable
drug blood levels and requires frequent dosing that limits patient compliance.
Sustained release buprenorphine implants based on EVA (26 mm in length and
2.4 mm in diameter) were developed to improve patient compliance (37). In vitro
studies showed a steady-state drug release (0.5 mg/implant/day). In vivo pharma-
cokinetic studies conducted in beagle dogs showed that peak buprenorphine
concentrations were generally reached within 24 h after implantation. Steady
state plasma levels were attained between 3 and 8 weeks, and were maintained
for study duration (52 weeks), with a calculated mean release rate of 0.14 + 0.04
mg/implant/day. There were no serious adverse effects reported. These results
suggest that this delivery system can provide long term stable systemic buprenor-
phine levels that may improve patient compliance, thereby improving outcome for
opioid dependent patients.

Pharmacotherapy treatment for alcoholism is limited by poor compliance,
adverse effects, and fluctuating drug levels after bolus administration. To overcome
compliance issues, a sustained release implant based on EVA and containing
nalmefene, an opioid antagonist used for treatment of alcoholism was developed
by melt extrusion and characterized (17). The extrudates of 2.8 mm x 27 mm rods
were further coated with EVA to optimize release. In vitro release after subcutane-
ous implantation into rats was high from the uncoated rods, and they were depleted
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of drug fairly quickly; however, EVA coatings maintained release over longer
periods. The 25 wt% coated rods provided in vitro release of 0.36 mg/day/rod
and in vivo release of 0.29 mg/day/rod over 6 months, and showed dose dependent
nalmefene plasma concentrations. After explanation, nalmefene plasma concentra-
tions were undetectable by 6 h. A sustained release nalmefene rod provided 6
months of drug with no adverse effects.

A nonbiodegradable polymeric episcleral implant based on EVA was developed
as a controlled intraocular delivery system of betamethasone (BM) to the posterior
pole of the eye (34). For in vivo studies, the implants were placed on the sclera of
the eyes of rabbits so that the drug releasing surface could attach to the sclera at the
posterior pole. The implant released BM in a zero-order fashion for 4 weeks,
thereby maintaining drug concentrations in the retina-choroid above the concentra-
tions effective for suppressing inflammatory reactions, suggesting that the
episcleral implant can be a useful drug carrier for the intraocular delivery of BM
to the posterior part of the eye.

These examples indicate the efficiency of EVA copolymer as a sustained release
carrier in implantable devices. Its ability to produce long term drug release profiles
make EVA based implants applicable in wide range of drug delivery systems such
as ocular, subcutaneous, sublingual, gene delivery, esophageal for local or systemic
effects.

3.2.6 Poly(e-caprolactone)

Poly(e-caprolactone) (PCL) is an aliphatic, biodegradable, semicrystalline polyes-
ter (Fig. 3.8) (31, 49, 61) that has found several applications as a biodegradable drug
delivery system. PCL is highly permeable to small drug molecules of molecular
weight less than 400 Da (67). This high permeability of PCL coupled with the long
controllable induction period prior to polymer weight loss enables the development
of delivery devices that offer diffusion-controlled drug delivery (67). Increasing
PCL crystallinity reduces the permeability of the polymer, thereby lowering the
drug release rate. In particular, the slow rate of degradation of PCL renders it
suitable for long-term delivery of therapeutic agents, for periods greater than 1 year
(62, 84). Conversely, for many drug delivery applications, the degradation rate of
PCL is too slow to directly influence drug release. Therefore, to increase the rate of
degradation, PCL has been copolymerized with other more hydrophilic cyclic
esters, including L-LA and y-butyrolactone (23, 31). Additionally, it has been
demonstrated that copolymerization of e-caprolactone with hydrophilic segments
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such as poly (ethylene glycol) (PEG), methoxy poly (ethylene glycol) (MPEG) or
poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEOPPO-PEO)
can effectively change the hydrophobicity and improve the biodegradability of PCL
(20, 29, 36). The properties of these copolymers can be controlled to exhibit various
degradation rates and permeability behaviors. Moreover, the degradation rate of
PCL may also be manipulated by addition of acidic and basic additives, which can
facilitate polymer degradation (68). For example, the incorporation of oleic acid
caused an increase in the rate of degradation that was proportional to the amount of
acid added. An increased rate of degradation was also obtained with the addition of
decylamine, as the amine functional group can launch a nucleophilic attack on the
ester bond. Lin et al. (47) incorporated primary, secondary and tertiary
alkylamines into PCL. Primary alkylamines caused the most rapid degradation,
whereas the effect of the tertiary alkylamines was not significant. Inclusion of a
polar phospholipid, phosphorylcholine (PC), into PCL (PC-PCL) effectively
improved the hydrophilicity and biodegradability of PCL (57). It was shown that
ibuprofen release rate was faster from PC—PCL matrix systems than that from PCL
systems with drug release mechanism governed mainly by diffusion kinetics (48).

PCL has been employed for drug delivery to the eye. For example, a drug
delivery system based on combinations of different molecular weights of PCL
was developed (7). Increasing the proportion of high-MW PCL to low-MW PCL
decreased the rate of degradation of PCL and consequently resulted in slowing
down 5-FU release. These devices showed promising in vivo results for the
treatment of proliferative retinopathy. Similarly, implants composed of PLGA-co-
PCL were investigated in vivo and were found to inhibit inflammation in experi-
mental uveitis by controlling cyclosporine A release, with no systemic or local
toxicity (22).

A sustained release monolithic implant based on gabapentin (GBP)-loaded PCL
matrices that produces constant plasma levels over a 1-week period was designed
by melt-molding/compression procedure to overcome the clinical problems
associated with the chronic treatment with gabapentin (GBP) (13). In vitro release
studies showed that the uncoated implants displayed release profiles according to a
pseudo-first order model. In order to further regulate the release, two sided coated
implants where drug free layers would perform as membranes controlling the
delivery rate were prepared. A more moderated burst effect and a relatively linear
(zero-order) release between days 1 and 7 were apparent. Implants were
investigated in vivo by inserting them subcutaneously in mice and the plasma levels
monitored during 10 days. Findings indicated that after a more pronounced release
during day 1 and the achievement of the levels in blood comparable to a twice a day
intraperitoneal management, relatively constant levels were attained until day 7.
Overall results support the usefulness of this manufacturing method for the produc-
tion of implants to attain more prolonged GBP release profiles.

Combination of twin-screw extruder and injection molding technologies were
efficient in producing a long term sustained release PCL implants containing
praziquantel (PZQ), a broad-spectrum antiparasite drug (14). Uniform dispersion
of the drug within the polymeric matrices were achieved whatever the drug



68 O.A. Abu-Diak et al.

loadings (6.25-50%). X-ray diffraction analyses showed that PZQ exists primarily
in its crystalline state in the fabricated implants. In vitro release studies showed that
all implants, regardless of drug loading, exhibit similar release patterns and about
70% of PZQ was released after 365 days from PCL implants. It has been
demonstrated that the release of PZQ was based on a gradual diffusion of the
drug from the exterior to interior of the implants.

Poly(e-caprolactone) can be used to fabricate implantable devices that can
sustain drug release profiles for moderate and long terms. The drug release from
poly(e-caprolactone) based implants is diffusion controlled and depends on the
molecular weight, crystallinity, and chemical modification of the polymer. Addi-
tionally, inclusion of additives to poly(e-caprolactone) based implantable devices
can modify the degradation rate of the polymer making these devices more flexible
to be used in many drug delivery applications.

3.3 Conclusions

This chapter provides an overview of examples of hydrophobic polymers that are used
in pharmaceutical industry and focuses on the applications of these polymers in the
drug delivery systems. The diversity in the physicochemical properties of these
hydrophobic polymers provides potential opportunities to develop drug delivery
systems with tailored drug release profiles that can meet different clinical conditions
and can improve the patient compliance, the cost effectiveness, and the safety profile
of the drug. Based on the valuable clinical and economic benefits that the hydrophobic
polymers can provide, it is expected that the significance of hydrophobic polymers as
drug delivery systems will continue to evolve in the near future.
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Chapter 4
Hydrogels

Hossein Omidian and Kinam Park

Abstract Hydrogels are crosslinked polymers with the ability to swell in an aqueous
medium. Crosslinking in hydrogels occurs by chemical or physical means depending
on the polymer properties and experimental conditions. Owing to a large variety in
chemical structure and crosslinking methods, various hydrogels have been prepared
for various applications in pharmaceutical and biomedical fields. This chapter begins
with hydrogel classification, properties, and their methods of preparation. The chapter
continues with intelligent hydrogels, which are able to respond to environmental
changes such as temperature, pH, and solvent composition, by changing their
dimensions. Hydrogel based on polysaccharides, hydrocolloids, and synthetic
polymers are discussed accordingly. Finally, the chapter concludes with known
hydrogel applications in the pharmaceutical area. These include superdisintegrants,
ion exchanging resins, superporous hydrogels, hydrogel implants, hydrogel inserts,
osmotic products (devices, implants, and tablets), as well as tissue expanding
hydrogels and contact lenses.

4.1 Introduction

4.1.1 Hydrosol and Hydrogel

In a simple binary system of a polymer and a liquid, a sol is formed when the
polymer-liquid interaction are more favored than both polymer—polymer and
liquid-liquid interactions. If the polymer is hydrophilic and the liquid is water, the
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product of the polymer—liquid interaction is called a hydrosol. The extent of
this reaction is generally dependent on the polymer structure, functional groups,
type, and amounts of ions in the polymer structure as well as in the solution,
pH, and temperature. The dissolution of a hydrophilic polymer in water can
be prevented by adding crosslinks via either a physical or a chemical process.
A crosslinked hydrosol is called a hydrogel and can only swell in the surrounding
liquid to a certain swelling ratio, depending on the number of crosslinks, i.e., the
crosslinking density.

4.1.2 Physical and Chemical Gels

In physical gels, the nature of the crosslinking process is physical. This is normally
achieved via utilizing physical processes such as association, aggregation, crystal-
lization, complexation, and hydrogen bonding. On the contrary, a chemical process,
i.e., chemical covalent crosslinking is utilized to prepare a chemical hydrogel.
Figures 4.1 and 4.2 show different approaches to make physical and chemical
hydrogels, respectively. While physical hydrogels are reversible due to the confor-
mational changes, chemical hydrogels are permanent and irreversible as a result of
configurational changes. More details about the hydrogels are found in Table 4.1.

G-blocks

b

Anionic Polymer

Cationic Polymer

Fig. 4.1 Examples of physical hydrogels crosslinked by ion—polymer complexation (a),
polymer—polymer complexation (b), hydrophobic association (c), chain aggregation (d), and
hydrogen bonding (e)
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Fig. 4.1 (continued)

4.1.3 Responsive Hydrogels

Hydrogels are also classified as shown in Table 4.2 in terms of their interaction with
the surrounding environment, i.e., responses to the changes in pH, temperature, and
the composition of the surrounding liquid. Depending on its structure, hydrogel can
respond to environmental changes by changing its size or shape. Most important
factors that trigger a hydrogel response are pH, temperature, and swelling medium.
While nonionic hydrogels are almost insensitive to pH changes, ionic hydrogels
display a dramatic change in size with the pH change. As far as the temperature is
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Fig. 4.2 Methods to prepare chemical hydrogels

Table 4.1 Sol-gel (hydrosol-hydrogel) transition in physical and chemical hydrogels

Physical hydrogels

Chemical hydrogels

Hydrophobic association: isopropyl groups in
poly(N-isopropyl acrylamide); methyl
groups in methyl cellulose; propylene oxide
blocks in (ethylene oxide)—(propylene
oxide)—(ethylene oxide) terpolymers

lon—polymer complexation: acrylic-based
hydrogels treated with calcium, aluminum,
iron; sodium alginate treated with calcium
and aluminum; poly(vinyl alcohol) treated
with borax

Polymer—polymer complexation: alginate and
chitosan; gum Arabic and gelatin

Chain aggregation: heat treatment of
hydrocolloids in water

Hydrogen bonding: poly(vinyl alcohol)/poly
(vinyl alcohol) chains; poly(acrylic acid)/
polyacrylamide chains

Covalent crosslinking using olefinic crosslinkers
containing unsaturated bonds or reactive
functional groups

Simultaneous polymerization and crosslinking:
Acrylic acid or acrylamide, crosslinked with
methylene bisacrylamide, ethylene glycol
diacrylate, ethylene glycol dimethacrylate,
poly(ethylene glycol dimethacrylate)

Post-polymerization chemical crosslinking:
Acrylic-based hydrogel, crosslinked with
glycerin; gelatin cross-linked with
glutaraldehyde; poly(vinyl alcohol)
crosslinked with an aldehyde
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Table 4.2 Examples of hydrogels responsive to changes in environmental factors

Hydrogels responsive to:

pH Temperature Liquid composition
(If the hydrogel is ionic) (If the hydrogel can form (If the surrounding
hydrophobic association environment of the
and chain aggregation) hydrogel contain
nonsolvents and salts)
With increase in pH With increase in temperature ~ With changes in swelling
medium
Swelling increases in anionic  Solubility decreases in Swelling decreases sharply in
hydrogels containing cellulose derivatives such as ionic hydrogels such as
carboxyl group such as poly cellulose-based polymers poly(potassium acrylate)
(sodium acrylate) and containing methyl or and sodium alginate with
sodium alginate hydroxypropyl groups and increase in concentration
poly(N-isopropyl of nonsolvent, salts, as
acrylamide) well as salt valence
Swelling decreases in cationic ~ Solubility increases in Swelling decreases
hydrogels containing amino hydrocolloids such as moderately in nonionic
groups such as poly gelatin and agar agar hydrogels such as
(dimethyl aminoethyl) polyacrylamide and
acrylate and chitosan poly(vinyl alcohol) with

increase in concentration
of nonsolvent, salts as well
as salt valence

concerned, hydrogels containing hydrophobic groups or those susceptible to
chain aggregation respond to the temperature change to a great extent. Given
the fact that solubility and swellability are driven by same forces, the response of
the hydrogel to temperature change can be either direct or inverse. With the
former, the solubility and swellability of the hydrogel can increase with increase
in temperature, while an opposite trend is observed with inverse thermore-
sponsive hydrogels. Hydrogels can also change their size with the change in
the composition of the swelling medium. Apparently the hydrogel response
would be dramatic if the swelling medium contains salt and a nonsolvent.
These facts are shown in Fig. 4.3.

4.1.4 Hydrogel Properties

Hydrogels are generally characterized by their ultimate capacity to absorb liquids
(swelling thermodynamics), the rate at which the liquid is absorbed into
their structure (swelling kinetics), as well as their mechanical property in wet or
hydrated state (wet strength). Table 4.3 shows factors affecting the hydrogel
properties among which, the crosslink density and the structural integrity
(porosity, pore size and its distribution) have the most significant effect. Hydrogels
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Table 4.3 Changes in hydrogel properties due to the hydrogel structure and liquid composition

Swelling capacity | Swelling rate T Wet strength T
Hydrogel structure: very Hydrogel structure: more Hydrogel structure: high
hydrophilic polymers, ionic hydrophilic, higher crosslink density (there is
polymers containing crosslink density, more an optimum crosslink
monovalent ions, lower porosity, open pores, density at which, the mode
crosslink density, interconnected pores of hydrogel failure changes
hydrophilic crosslinkers from ductile to brittle), low
porosity, more
hydrophobicity
Liquid composition: more Liquid composition: Presence  Liquid composition: more
solvent, less salts, low ionic of permeation enhancers nonsolvent, more salts
strength, less numbers of di for more hydrophobic
and trivalent cations hydrogels, more solvent

have been attractive to the pharmaceutical industry for several reasons including
the controlled release of an active pharmaceutical ingredient, disintegration
of dosage forms, protecting an active and to increase the product life cycle
management.

The general concepts and applications of hydrogels within the pharmaceutical area
are outlined below with focuses on the most recent research activities in the field.

4.2 Hydrogels in Pharmaceutical Applications

4.2.1 Inverse Thermoresponsive Hydrogels

The solubility and swellability of the hydrogels containing hydrophobic groups
and segments is dependent on the temperature of the swelling medium. Polyacryl-
amide derivatives containing hydrophobic pendant groups display reverse temper-
ature sensitivity. These are soluble in water at low temperature and become
insoluble when temperature rises. This behavior is a result of a delicate balance
between the hydrogen bonding and hydrophobic interactions, which depends on
temperature. The transition temperature at which a water soluble polymer becomes
insoluble is called the lower critical solution temperature (LCST), below which, the
hydrogen bonding and above which, hydrophobic association prevails. Below and
above the LCST, the hydrogel displays a sharp transition in size from a sol to a gel
(a so-called sol—gel transition point). Hydrogels based on poly(N-isopropyl acryl-
amide) (polyNIPAM), cellulose derivatives, and ethylene oxide—propylene
oxide—ethylene oxide terpolymers display this behavior. In subcutaneous or paren-
teral drug delivery, a solution dosage form containing a drug and a thermosensitive
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polymer are injected into the patient’s body at room temperature. The polymer part
of the dosage form then starts to gel at a higher body temperature, depending on its
sol-gel transition temperature. Macromed, a US-based drug delivery company, has
a delivery technology, ReGel®, based on ABA triblock copolymers in which the
A and B blocks are poly(lactide-co-glycolide) and poly(ethylene glycol), respec-
tively. ReGel® is a temperature sensitive and bioerodible hydrogel, which is
intended for parenteral delivery [1].

4.2.1.1 Hydrogels Based on Acrylamide Derivatives

PolyNIPAM and its copolymer nanoparticles with acrylic acid have been prepared.
The thermosensitive property of these hydrogels was shown to be manipulated by
changing the molar ratio of the two monomers. The anticancer drug 5-fluorouracil
(5-FU) was first loaded into both hydrogel nanoparticles with a loading efficiency
as high as 4%. The release of the drug was found to be clearly dependent on
temperature and pH [2]. A magnetic thermosensitive hydrogel has been prepared
by incorporating superparamagnetic Fe;O,4 particles into polyNIPAM hydrogels.
A pulsatile drug release was remotely triggered and controlled by a high frequency
alternating magnetic field [3]. Nanoparticles of poly(NIPAM-co-allylamine) and
poly(NIPAM-co-acrylic acid) have been synthesized and crosslinked with glutaric
dialdehyde and adipic acid dihydrazide, respectively. Dextrans of different molec-
ular weights were used as a macromolecular drug for the release study. While
dextran was not released from a highly crosslinked polyNIPAM gel, its release from
NIPAM-allylamine copolymer gel was found to be temperature dependent. Low
molecular weight dextrans were released from the NIPAM-acrylic acid copolymer
gel almost independent of temperature [4]. An optically responsive hydrogel for
drug delivery has been developed based on gold nanoparticles (60 nm) coated with
a thermally responsive biocompatible hydrogel (20-90 nm). The hydrogel is based
on NIPAM and acrylic acid and its properties can be tailored to exhibit a LCST
slightly above the body temperature. Drug loaded hydrogel could be
photothermally activated by an exposure to light, which can be absorbed by the
plasmon resonance of the gold nanoparticle cores [5]. Thermosensitive copolymer
hydrogels of NIPAM and butyl methacrylate have been prepared and examined for
indomethacin delivery. A zero order kinetic at 20°C indicates that swelling and
chain relaxation are rate determining steps (Case II diffusion). The release kinetic
was found to be sigmoidal at 10°C, where a faster drug release is attributed to a faster
swelling and disappearing the glassy core of the hydrogel [6]. Hydroxyethyl,
hydroxybutyl and hydroxyhexyl derivatives of methacrylate polymer, and their
copolymers with NIPAM and acrylic acid have been prepared. The surface, mechan-
ical, and swelling properties of these hydrogels were measured using a dynamic
contact angle analysis, tensile analysis, and thermogravimetry, respectively. The
thermal transition points including the T, and LCST were determined using
modulated DSC and oscillatory rheometry, respectively. The drug chlorhexidine
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diacetate was loaded into the hydrogels by immersing the hydrogel into the drug
solution at a temperature below the LCST of the polymer [7].

4.2.1.2 PEG-Based Hydrogels

An aqueous solution of PEG-PLGA-PEG triblock copolymers at low molecular
weight and specific composition has been shown to become gel at the body
temperature. Drug release from these thermosensitive hydrogels has been exam-
ined in vitro by injecting the drug loaded polymer solution into a 37°C aqueous
environment. Ketoprofen as a hydrophilic drug model was released over a 2 week
period with a first order kinetic, while spironolactone, a hydrophobic model drug,
was released over a two month period following a sigmoidal kinetic [8]. Gel
paving hydrogels are locally applied or polymerized on vascular endoluminal
surfaces and function as a physical barrier limiting deposition of cells and
proteins, and hence reducing thrombogenicity. A thermoreversible and
photopolymerizable gel paving system based on PEG-lactide hydrogels has
been outlined [9]. A thermoreversible gel with gelling temperature close to the
body temperature has been designed based on hyaluronic acid and poloxamer
polymers. With an optimum hydrogel formulation, acyclovir could be released
over a 6 h period [10].

A pH-sensitive and thermoresponsive hydrogel with higher swelling at higher
pH and temperatures has been prepared based on hydroxyethyl chitin and
polyacrylic acid. The hydrogel was claimed as an enteric delivery system for
potassium diclofenac [11].

4.2.2 pH-Responsive Hydrogels

Polymers containing carboxyl groups or amino groups respond to the pH changes
by changing their size in the swollen state. At low pH values, the carboxyl-
containing anionic polymers display minimum ionization and hence reduced hydra-
tion. Once the pH of the swelling medium rises above the pK, of the polymer, the
carboxyl groups start to ionize and hydrate, which results in polymer expansion and
hence higher swelling. On the contrary, cationic polymers containing amino groups
(quaternary ammonium salts) display a stronger ionization and hence higher
swelling at low pH. Current commercial products and ongoing research activities
are overwhelmingly focused on acrylic or methacrylic acid functional groups
to make a pH-sensitive carrier. Commercial polymers such as Eudragit® L100-55,
L30D-55, L100, or S100 are anionic polymers with methacrylic acid as functional
group. These are dissolved at pH above 5.5, which provide drug protection at low
pH and drug release at high pH environment, which makes them suitable for drug
delivery in duodenum, jejunum, ileum, and colon area. Eudragit® E100 is, on the
contrary, a cationic polymer based on butyl and methyl methacrylate containing
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dimethylaminoethyl methacrylate to provide a pH-sensitive functionality. The
polymer is soluble in gastric juice and used for the taste or odor masking
applications.

4.2.2.1 Acrylic Based Hydrogels

Silicone discs containing a pH-sensitive hydrogel have been used to release drugs
with different water solubility and partitioning. The hydrogel granules were made
of poly(acrylic acid), poly(ethylene oxide) interpenetrating networks; and
salicylamide, nicotinamide, clonidine HCI, and prednisolone were used as the
model drug. Owing to the anionic nature of the hydrogel blend, a bimodal release
behavior was observed, a burst release at low pH and a high release later on at a
higher pH medium. At high drug loading and at high pH medium, the release rate of
clonidine HCI was reduced due to an ionic interaction with the carboxyl group of
the IPN structure [12]. Hydrogels of glycidyl methacrylate dextran and poly(acrylic
acid) have been prepared by UV irradiation for colon-specific drug delivery. The
hydrogels displayed a pH-dependent swelling with the swelling capacity of 20 at
the body temperature. The hydrogel displayed an enhanced swelling up to 45 fold in
the presence of dextranase at pH 7.4, and is claimed as a dual sensitive drug carrier
for sequential release in the gastrointestinal tract [13]. A pH-sensitive hydrogel has
been prepared based on polyethylene glycol (PEG) and acrylic acid (AAc) in an
aqueous solution utilizing gamma radiation. Swelling capacity of the hydrogel and
the diffusion coefficient was found critically dependent on the pH and the ionic
strength, respectively. Ketoprofen was used as a model drug to evaluate the
hydrogel carrier for colon delivery at different pH [14]. An amphiphilic hydrogel
has been prepared based on hydrophilic polyacrylic acid/hydrophobic polybutyl
acrylate and tested for delivery of melatonin. The drug release was found pH
dependent, and the burst effect associated with the hydrophilic networks was
diminished due to the hydrophobic contribution of butyl acrylate [15]. Starch
poly(acrylic acid-co-acrylamide) hydrogels have been prepared by physical mixing
of the starch and polyacrylonitrile, followed by hydrolysis in the presence of
sodium hydroxide. The hydrogel showed a swelling/shrinking cycle at pH 2 and
8, respectively. Poorly water soluble ibuprofen was released from the hydrogel
much faster at the intestinal pH than at the gastric pH [16].

4.2.2.2 Methacrylic Based Hydrogels

An IPN network of poly(methacrylic acid) and poly(vinyl alcohol) crosslinked with
glutaraldehyde has been prepared utilizing a water-in-oil emulsion system. The
hydrogel displayed a pulsatile swelling behavior with the change in pH, and ibuprofen
release was found dependent on the pH, crosslink density, and drug loading [17]. Two
monomers of methacrylic acid and methacrylamide have been used to prepare
hydrogels utilizing a free radical solution polymerization. The hydrogel was intended
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for oral delivery of an antimalarial drug under physiological conditions. With high
loading efficiency of about 98%, the amount of release in simulated gastric (pH 1.2)
and colonic environment (pH 7.4) was extensively varied from 29 to 75% respectively
[18]. A pH-sensitive hydrogel of hydroxyethyl methacrylate, methacrylic acid and
ethylene glycol dimethacrylate was prepared, and its release behavior was examined
utilizing a water-soluble drug (ephedrine HCI) and a water insoluble drug (indometh-
acin) [19].

4.2.2.3 Chitosan-Based Hydrogels

Enteric coated multiparticulate chitosan hydrogel beads with pH-sensitive property
have been reported as potential orally administrable drug carriers for site specific
colon delivery [20]. Satranidazole has been examined with this delivery system
[21]. A water-soluble derivative of chitosan (2-carboxybenzyl chitosan) has been
synthesized and characterized using FTIR, HNMR, and UV. The degree of
carboxybenzyl substitution was determined using a colloid titration method. The
hydrogel swelling was decreased with an increase in glutaraldehyde concentration,
and was higher in basic medium than in acidic environment. The release of
fluorouracil (5-FU), a poorly water soluble drug was found to be much faster at
pH 7.4 than pH 1.0, which justifies the use of this hydrogel as a potential
pH-sensitive carrier for the colon specific drug delivery [22]. A glutaraldehyde-
crosslinked carboxymethyl chitosan hydrogel was prepared and its release behavior
was tested using salicylic acid as the model drug. The hydrogel showed a signifi-
cantly higher swelling capacity in alkaline than in acidic media [23]. A pH-sensitive
semi-IPN hydrogel of N-carboxyethyl chitosan and 2-hydroxyethyl methacrylate
was prepared via photopolymerization. The hydrogel showed a good mechanical
strength in its hydrated wet state, claimed to be nontoxic and offered a prolonged
release with 5-flurouracil as a model drug [24]. A hydrogel system composed of
carboxymethyl chitosan (a water soluble derivative of chitosan) and alginate
blended with genipin (naturally occurring crosslinker) has been developed for
controlled delivery of bovine serum albumin. The protein was released up to 20
and 80% respectively at simulated gastric and intestine conditions, which suggests
its application as a potential drug carrier for site-specific intestinal delivery [25].

4.2.2.4 Miscellaneous Hydrogels

Methacrylic anhydride and succinic anhydride derivatives of inulin have been
synthesized via UV irradiation to produce a pH-sensitive hydrogel. Diflunisal at
different concentrations was used as a model drug [26]. A pH-sensitive hydrogel of
methyl methacrylate and dimethylaminoethyl methacrylate crosslinked with
divinyl benzene was prepared and its release behavior was tested using a water
soluble drug, aminopyrine [27]. Acrylamide has been grafted onto xanthan gum to
prepare a pH-sensitive hydrogel network. Drug release from the hydrogels was
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studied using ketoprofen. FTIR, DSC/X-ray, and SEM were respectively used to
confirm grafting/hydrolysis, to determine the crystal nature of the loaded drug, and
to monitor the porosity of the hydrogel structure. Different release behavior was
observed at low and high pH conditions [28].

4.2.3 Natural Polymer Based Hydrogels

Drug release from a controlled release platform is practically controlled by a
delicate balance of solubility and swellability (gelling properties) of the drug
carrier. Depending on their source and structure, hydrocolloids offer a vast range
of solubility and gelling properties in aqueous media. Moreover, rheological
properties of the drug solutions, dispersions, or emulsions can also be modified
using hydrocolloids or hydrocolloid hybrids. They are also well established as food
ingredients in nutraceutical industries.

4.2.3.1 Cellulose Derivatives

As an important class of excipients, polysaccharides such as methyl cellulose (MC),
carboxymethyl cellulose (CMC), and different grades of hydroxypropyl methylcel-
lulose (HPMC) have found numerous applications as binder, disintegrant, and most
importantly as a controlled release platform. HPMC polymers offer different
solubility and gelling properties, which are critically dependent on the degree of
substitution, hydroxypropyl content, molecular weight, and temperature. Currently,
there are about 130 drugs in the US market, which contain HPMC (hypromellose)
as a matrix of controlled delivery. These include simvastatin niacin extended
release (Simc0r®), carbamazepine extended release (Carbatrol®), fluvastatin
sodium (Lescol®), alprazolam (Zanax XR®), niacin, and lovastatin (Advicor®)
[29]. Different grades of HPMC with different viscosities were used to study the
release of buflomedil pyridoxal phosphate. Study of HPMC hydrogels coated with
an impermeable membrane shows that the drug release is not affected by the
polymer viscosity, but it is very dependent on the contact area with the dissolution
medium [30].

4.2.3.2 Hydrocolloids

Owing to their attractive solution properties, molecular weight, structure, and
availability, various hydrocolloids such as alginate, xanthan, guar gum, and a few
others have been added to the list of pharmaceutical excipients. They are used in
designing new dosage forms and formulations, novel drug delivery systems, in
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microparticle and microcapsule preparation, and to control the rheology of liquid
(solution, suspension, and emulsion), semisolid (wax based), and solid dosage
forms (powders).

Konjac, a plant extract gum, can be used as a thickener and gelling agent and is
intended for colon specific drug delivery if blended with xanthan gum at a particular
concentration [31]. Gellan, a microbial gum has been suggested as a swelling agent
(in disintegration of ibuprofen tablets) [32], tablet binder [33], and a rheology
modifier [34]. Gellan gum can be found in Timoptic—XE® 0.25% and 0.5% (timolol
maleate) ophthalmic gel forming solution [29]. Carrageenan, a seaweed extract,
has been claimed for capillary electrophoresis as a chiral selector [35] as well as
for topical delivery systems (examined as a viscosity modifier in sodium fluorescein
delivery) [36]. Carrageenan can be found in Vantin® (cefpodoxime proxetil) oral
suspension [29]. Chitosan, an animal extract gum, has been tested as a taste masker
[37], dietary fiber [38], drug delivery matrix [39, 40], protein and peptide delivery
platform [41], disintegrant [42], absorption enhancer of macromolecular drugs [43],
and used in emulsion-like solutions and creams [44], mucoadhesive delivery [45],
microparticle formation [46], local or systemic delivery of drugs and vaccines [47],
and for biomedical and cosmetic applications [48, 49]. Other polysaccharides have
also been mentioned as a drug delivery carrier for different applications. These
include alginate (for microencapsulation) [50, 51], scleroglucan (for theophylline
release) [52], guar gum (as a tablet binder for paracetamol [53] and for colon
specific delivery [54]), heparin (as an anticoagulant) [55], schizophyllan (in cancer
therapy as immunostimulant) [56, 57] and xanthan (as rheology modifier [58],
tablet binder [59], and swelling agent [60]). Xanthan gum can be found in many
dosage forms in the US market including Tricor®™ (fenofibrate) 145 mg tablets,
Pepcid for oral suspension, Pepcid® PRD orally disintegrating tablets (famotidine),
and Renova® (tretinoin) cream 0.02% [29]. Sodium alginate is used in a variety of
commercially available dosage forms such as Prolixin® (fluphenazine), Tolinase™
(tolazamide) tablets, and Axid® (nizatidine) oral solution [29].

Hydrogels Based on Alginic Acid

Composite hydrogel of collagen and alginate has been used for ocular protein
delivery. The hydrogel provides 11 days sustained release for bovine serum albu-
min in neutral buffer and supports corneal epithelial cell growth with good mechan-
ical strength and transparency [61]. Sodium alginate/carboxymethyl guar gum
hydrogels have been prepared via an ion complexation with barium ions. This
anionic hydrogel has displayed swelling capacity of about 15 and 310% in
simulated gastric (pH 1.2) and intestinal fluids (pH 7.4), respectively. The hydrogel
was able to release 20 and 70% of its loaded vitamin B12 in gastric and intestinal
medium respectively. Hydrogels crosslinked with 5 or 6 w/v% barium chloride
solution displayed 50% loading efficiency [62].
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Hydrogels Based on Guar Gum

Poly(vinyl alcohol) guar gum IPN hydrogels have been prepared utilizing glutaral-
dehyde as a crosslinker. It was shown that an increased crosslink density changes
the release of nifedipine from Fickian to non-Fickian. The drug release was found to
be dependent on the crosslink density, drug loading, and loading method [63].
A graft copolymer hydrogel of acrylamide and guar gum has been prepared
utilizing glutaraldehyde as a crosslinker. It was loaded with two water soluble
(verapamil hydrochloride) and water insoluble (nifedipine) antihypertensive
drugs. The drugs were added into the hydrogel after crosslinking or incorporated
during the hydrogel preparation [64].

Hydrogels Based on Chitosan

A transparent, water soluble and water miscible gel has been developed as an
ointment base by dissolving 93% deacetylated chitosan F in a solution of lactic
acid. Using rheological tests, the gel was proved to be stable when loaded with
drugs such as clotrimazole, piroxicam, estradiol, progesterone, lidocaine HCI, or a
sodium salt of heparin but loses its stability with metronidazole or suspending
hydrocortisone [65]. The swelling behavior and in vitro release of nifedipine from
alginate—chitosan hydrogel beads has been investigated. The hydrogels were
prepared via ionotropic gelation and characterized by FTIR (structure) and SEM
(morphology) [66]. Microcrystalline chitosan hydrogel alone and in combination
with methylcellulose or Carbopol has been studied for the release of diclofenac-free
acid and its salt. Drug release and rheological properties of the drug carrier were
studied in the presence of hydrophilizing agents such as 1,2-propylene glycol and
glycerol [67]. NaBOs-treated chitosan with different molecular weights has been
used to coat theophylline tablets to evaluate their sustained release properties. The
release rate of theophylline was decreased with increasing the amount of coated
chitosan and increased with decreasing the chitosan molecular weight [68].
Carboxymethyl-hexanoyl chitosan has been synthesized with desirable swelling
properties and used as a drug carrier for amphiphatic agents. The hydrogel has both
hydrophilic (carboxymethyl) and hydrophobic (hexanoyl) moieties, but the hydro-
phobic part retards the deswelling process, causing better water-retention
properties. It was shown that partially hydrophobic drugs such as ibuprofen has
better encapsulation efficiency in this hydrogel than in chitosan or carboxymethyl
chitosan, which are more hydrophilic [69]. Chitosan-coated polyphosphazene-Ca>*
hydrogel have been prepared by dropping polyphosphazene into calcium chloride/
chitosan gelling solution. With myoglobin as a model drug, an encapsulation
efficiency of 93% has been obtained [70]. Chitosan grafted with acrylic acid
and acrylamide have been prepared utilizing gamma irradiation. The hydrogels
showed ampholytic and reversible pH responsive properties and claimed for con-
trolled release of antibiotics (amoxicillin trihydrate) into the gastric medium.
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The release is driven by the ratio of hydrogel swelling to erosion capacity [71].
Chitosan/tripolyphosphate and chitosan/tripolyphosphate/chondroitin ~ sulfate
core—shell biocompatible hydrogels have been prepared and used for the delivery
of ofloxacin. It was shown that chondroitin sulfate as a second polyanion
contributed to an increased mechanical strength of the hydrogel [72]. Release
behavior of cimetidine from glutaraldehyde-crosslinked chitosan has also been
studied [73]. An aqueous solution of photo-crosslinkable chitosan containing
azide groups and lactose moieties containing paclitaxel has been reported to form
an insoluble hydrogel following an ultraviolet irradiation for 30 s. The hydrogels
effectively inhibited tumor growth and angiogenesis in mice. The study shows that
chitosan hydrogel may be a promising site specific carrier for drugs such as FGF-
2 and paclitaxel to control vascularization [74].

Hydrogels Based on Carrageenan

Betamethasone acetate, a water soluble model drug, has been loaded into a hydro-
gel blend of carrageenan and sodium alginate. Maximum loading was found to be
dependent on temperature and pH as it appeared to be 71% at pH 4.8 and 55°C.
The hydrogel was compared with two other similar systems of Ca-alginate and
K-Carrageenan at different pH [75]. To enhance its therapeutic effectiveness, the
hydrophobic anticancer drug, camptothecin, was solubilized in a cationic surfactant
(dodecyltrimethylammonium bromide) and loaded into an anionic kappa-
carrageenan hydrogel [76]. A repetitive pulsatile drug release was displayed
when dibucaine hydrochloride as a model drug loaded into an erodible hydrogel
system based on kappa-carrageenan. This behavior was attributed to the carra-
geenan oscillatory loss during the drug release process [77].

Scleroglucan-Based Hydrogels

In the presence of borax, scleroglucan can form a gel. The hydrogel has been used
as a matrix for tablets loaded with three different model molecules, theophylline,
vitamin B12, and myoglobin. The release pattern of the drug theophylline was also
studied in gastric and intestinal conditions. Results showed that the scleroglucan
hydrogel has the potential to be used in sustained release formulations, in which
the drug release is dependent on the size of the drug molecule [78—80]. Borax
treated scleroglucan polymer for delivery of theophylline has also been tested and
proposed for delivery of vitamin B12 and myoglobin [81]. The efficacy of bFGF
(basic fibroblast growth factor)—gelatin hydrogel complex for bone regeneration
around implants has been studied for the development of a new drug delivery
system [82].
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Hydrogels Based on Hyaluronic Acid

Hyaluronan (HA) has the ability to control cell migration, differentiation, prolifer-
ation, and contribute to the invasiveness of human cancers. A study shows that a
crosslinked hyaluronan can be used to investigate the sensitivity of cancer cells to
antimitotic agents [83]. New hyaluronic acid (HA) based hydrogels has been
developed by converting the HA to adipic dihydrazide derivative, followed by
crosslinking with poly(ethylene glycol)-propiondialdehyde. Dried film of this
hydrogel could swell sevenfold in volume in buffer in less than 2 min. Morphology
and enzymatic degradation of hydrogel by hyaluronidase were examined using
SEM and a spectrophotometric assay. This novel biomaterial has been claimed for
controlled release of therapeutic agents at wound sites [84].

Pectin Based Hydrogels

Drug release from high methoxy pectin has been studied in terms of tablet com-
pression force, amount, and type of pectin. The drug release was found to be
unaffected by compression force [85]. Acrylamide grafted pectin was characterized
by FTIR, DSC and X-ray diffraction. The polymer was crosslinked with glutaral-
dehyde and tested for salicylic acid release using a Franz diffusion cell. A grafted
hydrogel displayed better film-forming properties than pectin [86]. Hydrogel mem-
brane based on pectin and polyvinylpyrrolidone have been prepared by physical
blending and conventional solution casting methods. The release of salicylic acid
was monitored at different aqueous media using a UV-Vis spectrophotometer at
294 nm wavelength. The presence of secondary amide, decrease in crystallinity at
higher PVP ratio, increased T, of pectin-PVP blend and hydrogel cytocompatibility
was shown by FTIR, XRD, DSC and B16 melanoma cells respectively [87].
Amidated pectin complexes with calcium were used in preparation of a multipar-
ticulate system with the potential for site-specific colon delivery. Indomethacin
and sulphamethoxazole release was found to be dependent on the pH and drug
loading. Although drug release in both low and high pH media was higher for a
more water-soluble drug, it was significantly reduced when particles were coated
with chitosan [88].

Miscellaneous Hydrocolloid-Based Hydrogels

IPN hydrogels of acrylamide and gelatin were prepared and their swelling in water
and citric acid phosphate buffer at various pH studied. More specifically, the
hydrogel swelling behavior at physiological pH was studied in the temperature
range of 25-60°C [89]. Agarose hydrogel nanoparticles prepared in an emulsifier-
free dispersion system have been claimed for protein and peptide delivery. A study
with ovalbumin protein has shown a temperature dependent, diffusion controlled
release [90]. Dextran based hydrogels for controlled drug release and tissue
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engineering have also been reviewed [91]. Inulin hydrogel has been prepared by
derivitizing a vinyl containing inulin (methacrylated inulin) followed by free
radical polymerization with redox initiating systems. It was characterized using
linear oscillatory shear measurement (for gelation), dynamic mechanical analysis,
and solution viscosity [92, 93].

4.2.4 Nonionic Synthetic Hydrogels

Hydrogels of this class do not carry functional groups, and hence they are not
sensitive to the pH of the swelling medium. As a result, their swelling will be solely
governed by the polymer-liquid interaction forces, which determine the polymer
solubility in the liquid medium. These hydrogels are generally based on
hydroxyethyl methacrylate, acrylamide, ethylene oxide, ethylene glycol, and
vinyl pyrrolidone. Owing to the lack of electrostatic forces that operate in the pH
sensitive hydrogels, these hydrogels swell to a limited extent.

4.2.4.1 Hydrogels Based on Hydroxyethyl Methacrylate

Poly (2-hydroxyethyl methacrylate) (polyHEMA) is known as a biocompatible
polymer, which resists biodegradation and microbial attack. Copolymers of this
polymer have been used as a subcutaneous reservoir hydrogel implant, capable of
long term delivery of predetermined doses of various active compounds [94].
Hydrogel sponges were prepared based on HEMA and ethylene glycol dimetha-
crylate (EGDMA), and characterized for iontophoretic drug delivery. The effect of
different sterilization techniques, gamma irradiation, ethylene oxide, and autoclave
on hydrogel properties has been examined [95]. A biomedical membrane based on
HEMA and p-vinylbenzyl-poly (ethylene oxide) (V-PEO) macromonomer has been
synthesized utilizing photoinitiation polymerization. Infrared, thermal, and SEM
analysis was used for the hydrogel characterization. The study showed that the
V-PEO content could affect the thermal stability and hydrophobicity of the HEMA
hydrogel. The hydrogel containing the highest PEO content was used to study the
release of an antibiotic as a potential transdermal antibiotic carrier [96]. A hydrogel
based on HEMA and N,N’-dimethyl-N-methacryloyloxyethyl-N-(3-sulfopropyl)
ammonium betaine has been studied with sodium salicylate as a model drug [97].
Thin films of a novel polyacrylate-based hydrogel were claimed to be a good drug
carrier in orthopedic field. HEMA, poly(ethylene glycol) diacrylate, and acrylic
acid were used to prepare hydrogels utilizing an electrochemical polymerization.
X-ray photoelectron spectroscopy and water content measurement were used to
characterize the structure and swelling behavior of the hydrogels [98]. Feasibility of
using solid hydrogels of EGDMA-crosslinked HEMA and crosslinked dextran has
been studied for injecting drugs in to the eye upon application of low current
iontophoresis. The hydrogels were examined for their mechanical suitability,
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absorption of drug solution, and in vitro release properties into a solid-agar surface
[99]. The HEMA hydrogels have been tested for the release of dexamethasone
phosphate [100] and gentamicin sulfate [101] into healthy rabbit eyes. The drug
loss and side effects associated with eye drops could potentially be alleviated by
using disposable soft contact lenses based on HEMA. The contact lens is loaded
with the drug in a microemulsion system stabilized with silica, and releases the drug
for 8 days at the therapeutic level. The delivery rates could be tailored by
controlling the particle size and the drug loading [102].

4.2.4.2 Poly (Ethylene Glycol) Hydrogels

Bovine serum albumin and poly(ethylene glycol) were polymerized and used as a
controlled release system for soluble, hydrophobic, even protein drugs. The study
shows that the hydrogel has a very high water content (>96%) and releases the drug
by a diffusion-controlled mechanism. Drugs such as theophylline, lysozyme, and
hydrocortisone have been tested [103]. In order to modulate the release properties,
the hydrogel thickness and its composition was also changed [104]. A poly(ethyl-
ene glycol) based copolymer hydrogel containing multiple thiol (—SH) groups has
been claimed as a suitable carrier for protein delivery, offering sustained release
feature of 2—4 weeks and prolonged biological activity [105]. An acrylated poly
(ethylene glycol)-poly(propylene glycol) amphiphilic hydrogel polymer has been
developed utilizing inverse emulsion photopolymerization. The matrix contains
hydrophobic propylene glycol domains, which can incorporate hydrophobic drugs.
Doxorubicin has been incorporated to a 9.8w/w% level [106]. Poly(ethylene oxide)
gels crosslinked by urethane bonds have been studied for the release of acetamino-
phen and caffeine. The study showed an inverse correlation between the release and
the hydrogel crystallinity, which is perturbed even at low drug concentrations. With
acetaminophen, this behavior has been attributed to drug hydrogel complexation.
Hydrogel crystallinity and structural transition were studied using small and wide
angle X-ray scattering [107, 108]. PLGA-PEG-PLGA polymers with molecular
weight of 3 K—7 K have been synthesized from L-lactide and glycolide as well as
PEG with molecular weight of 1 K—4.6 K. A dynamic viscoanalyzer and fluores-
cence spectroscopy were used to investigate the sol—gel transition of the hydrogel
system and to understand the gelling mechanism of the hydrogel respectively.
Ceftazidime was used for the controlled release study [109].

4.2.4.3 Hydrogels Based on Poly (Vinyl Alcohol)

Glutaraldehyde-crosslinked poly(vinyl alcohol) hydrogel films have been
optimized for controlled delivery of theophylline in terms of crosslinker concentra-
tion, drug loading, and release mechanism [110]. Composite hydrogels of poly
(vinyl alcohol) and PLGA have been prepared and suggested for long term protein
delivery. Bovine serum albumin was encapsulated into PVA nanoparticles, and the
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nanoparticles were then loaded into the PLGA microspheres. The composite hydro-
gel provided a two month delivery of BSA [111]. IPN hydrogels of polyacrylamide
and poly(vinyl alcohol) have been prepared and tested for controlled delivery of
crystal violet and bromothymol blue as model drugs [112]. In order to alleviate the
associated problems with low encapsulation efficiency and high burst effect in
biodegradable microcapsules, pentamidine/poly(vinyl alcohol) hydrogels were
prepared via freeze-thawing, then microencapsulated in PLGA using a solvent
evaporation technique [113].

4.2.4.4 Acrylamide Based Hydrogels

Drug binding ability of albumin has been utilized in preparing hydrogels of
acrylamide crosslinked with bovine serum albumin and claimed to be the cause
of sustained release of salicylic acid from the BSA-crosslinked hydrogel [114].
Copolymer hydrogel of acrylamide and itaconic acid was prepared and studied for
the controlled release of paracetamol in aqueous media of varying pH [115].
Polymer blends made by electrochemical polymerization of polypyrrole onto
polyacrylamide were intended as a controlled release device for the delivery of
safranin. Drug release from this device was expected to be controlled by an
electrochemical potential. Voltametry and Raman spectroscopy were used for
hydrogel characterization [116]. Copolymer hydrogels of N-isopropylacrylamide,
trimethyl acrylamidopropyl ammonium iodide, and 3-dimethyl (methacryloy-
loxyethyl) ammonium propane sulfonate have been developed. The release of
caffeine was found to increase with hydrogel swelling. The anionic solute phenol
red was found to strongly interact with the cationic hydrogel, and its release was
hence found to be very slow [117].

4.2.4.5 Polyvinylpyrrolidone-Based Hydrogels

Polyvinylpyrrolidone iodine liposomal hydrogel has been suggested as a drug
delivery platform for wound treatment in which antiseptic and moist treatment
are desirable in the healing process. Compared to the normal PVP-iodine complex,
the liposomal formulation was proven to enhance epithelization [118]. Ferrogels,
gels containing ferromagnetic nanoparticles have been prepared based on
polyvinylpyrrolidone via irradiation. Bleomycin A5 Hydrochloride, a wide spec-
trum anticancer drug was immobilized in the ferrogel and its release was studied
in vitro [119]. A new micro particulate hydrogel has been obtained by gamma
irradiation of poly [N-(2-hydroxyethyl)-DL-aspartamide]. With various
concentrations of gastric enzymes, pepsin and alpha-chymotrypsin, the hydrogel
degradation was not observed over a 24-h exposure period. The hydrogel was
evaluated for oral delivery of an anti-inflammatory drug, diflunisal [120].
Polyvinylacetal diethylaminoacetate hydrogel has also been suggested for nasal
delivery [121].
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4.2.5 Superdisintegrants

Superdisintegrants are crosslinked hydrophilic polymers with the ability to swell in
an aqueous medium. Although they are not as potent as super water absorbent
polymers (with swelling capacity of 100-1,000 g/g), they have enough potency
(swelling capacity of 1040 g/g) to fulfill their task in the pharmaceutical dosage
forms. The swelling power of a superdisintegrant is controlled by its backbone
structure, the crosslink density, and the amount of substitution.

4.2.5.1 Hydrogels Based on Cellulose

Crosslinked carboxymethyl cellulose (sodium salt) is prepared by internal
crosslinking (in the absence of a chemical crosslinker) and carboxymethylation
of cellulose. In fact, crosslinking is induced by partially changing sodium
carboxymethyl groups to their free acids followed by heating. It has an anionic
backbone with sodium as counterion, which causes the polymer swelling to be very
sensitive to the pH, salts (mono, di, and trivalence) and the ionic strength of the
swelling medium. Swelling power of this polymer is significantly reduced at low
pH and in concentrated solution of salts especially in the presence of di- and
trivalent cations. It is used in oral pharmaceutical formulations as a disintegrant
for capsules, tablets, and granules.

4.2.5.2 Hydrogels Based on Polyvinylpyrrolidone

Crosslinked polyvinylpyrrolidone is prepared via a popcorn polymerization of vinyl
pyrrolidone monomer. This polymerization method utilizes the excessive heat of
polymerization to establish random crosslinking into the polymer structure. The
polymer is essentially nonionic, and hence its swelling power is independent of the
pH. The disintegrant is expected to reach its maximum swelling power independent
of the type of salts in the swelling medium.

4.2.5.3 Starch-Based Hydrogels

Similar to the crosslinked CMC, the crosslinked starch glycolate (sodium slat) is an
anionic polymer and produced by crosslinking and carboxymethylation of potato
starch. Although other sources of starch including maize, wheat, and rice can also
be used, the sodium starch glycolate from potato is preferred. More details on this
class of crosslinked hydrogels are found in Table 4.4 [29, 122].
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Table 4.4 Examples of commercial superdisintegrants

Crosslinked carboxymethyl cellulose is used in more than 150 drugs in the US market

Sodium croscarmellose Diltiazem hydrochloride; clarithromycin (Biaxin
Ac-Di-Sol® (FMC Biopolymer); Filmtab®); niacin (Niacor®); fenofibrate
Primellose®™ (DMV-Fonterra) (Triglide®); sildenafil citrate (Viagra®); atorvastatin

calcium (Lipitor®); celecoxib (Celebrex®);
fexofenadine HCI (Allegra®); ibuprofen (Motrin®);
oxazepam (Serax®)

Crosslinked polyvinylpyrrolidone is used in more than 100 drugs in the US market

Crospovidone Amoxicillin (Amoxil®); rosuvastatin Calcium
Kollidone CL®, CL-M® (BASF); (Crestor™); diphenhydramine (Benadryl®);
Polyplasdone XL®, XL10® (ISP) fenofibrate (Tricor®™); metformin HCI (Glumetza®);

(R))

alprazolam (Niravam®); omeprazole (Prilosec

Crosslinked starch glycolate is used in more than 155 drugs in the US market

Primojel® (DMV-Fonterra) Acyclovir (Zovirax™); theophylline (Theo-Dur™);
diltiazem (Cardizemfc LA); cimetidine (Tagamet®);
fenofibrate (Lipofen®™); metoprolol tartrate
(Lopressor®)

4.2.6 Ion Exchanging Hydrogels

Ion exchange resins are crosslinked polymers (some with hydrophilic and some
with hydrophobic backbone) with anionic or cationic structures. While the
crosslinked nature of the polymer allows absorption of the aqueous fluids into
their structure, the ionic nature of these polymers allows exchanging their mobile
ions with another cation or anion respectively. These hydrogels have found exten-
sive applications in pharmaceutical industries as an active pharmaceutical ingredi-
ent to treat certain electrolyte imbalance (hyperkalimia), to reduce cholesterol (via
sequestering bile acids), to taste-mask a drug, to control the drug release, to enhance
drug stability, and to help dosage forms with their disintegration process. More
details about this class of hydrogels can be found in Table 4.5 [29, 122].

4.2.7 Macroporous Hydrogels

One way to change the release properties of a typical hydrogel is to introduce
porosity into its structure. The pores inside the hydrogel structure can be either
isolated or interconnected. While both can offer a faster absorption and release
compared to the conventional nonporous hydrogels, the latter offers a much faster
absorption and release. Besides, the equilibrium swelling capacity of these
hydrogels can be reached in seconds or minutes regardless of their size in the dry
state. These hydrogels can be prepared using hydrophilic, ionic, nonionic, or even
hydrophobic monomers through simultaneous polymerization and crosslinking
processes. Acrylamide, acrylic or methacrylic acid and their salts, vinyl
pyrrolidone, NIPAM, hydroxyethyl methacrylate, and more have already been
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Table 4.5 Examples of commercial ion-exchange resins

Amberlite: This ion-exchange polymer is used for example in risperidone orally disintegrating
tablets (Risperdal® M-Tab), propoxyphenenapsylate, and acetaminophen (Darvocet®-N100)

Amberlite®™ IRP64: poly(methacrylic acid) crosslinked with divinyl benzene (DVB), not
neutralized, with hydrogen as counterion, a weak acid

Amberlite® IRPSS is a similar polymer with potassium as counterion, a weak acid

Amberlite®™ IRP69 is sulfonated polystyrene crosslinked with DVB, a strong acid with sodium
as counterion

Cholestyramine: This ion-exchange resin is used for example in Questran® for oral suspension

A chloride salt of a strong basic anion exchange resin, polystyrene crosslinked with DVB,
a cholesterol lowering agent

Sodium polystyrene sulfonate: Kionex®, and Kayexalate®

A cation exchange resin prepared with an in vitro exchange capacity of approximately 3.1 mEq
of potassium per gram, the sodium content is approximately 100 mg (4.1 mEq) per gram
of the drug, administered orally or in an enema

Colestipol hydrochloride: Colestid®

A lipid lowering agent for oral use, colestipol is an insoluble, high molecular weight basic anion
exchange copolymer of diethylenetriamine and 1-chloro-2, 3-epoxypropane

used in preparation of superporous hydrogels [123—125]. Owing to their unique
swelling properties, this class of hydrogels has been found to be attractive enough
for more specific pharmaceutical and biomedical applications where another impor-
tant property, mechanical strength is very much desirable. Hydrogels in general and
porous hydrogels in particular suffer from weak mechanical strength in their wet or
hydrated state. Approaches have been taken to enhance hydrogel mechanical
properties, among which IPN structures comprising a synthetic monomer and a
hydrocolloid have found to be the most effective [126—128]. With this approach, an
aqueous monomer solution containing an iono-gelling hydrocolloid is polymerized
in the presence of a chemical crosslinker and treated with salts afterward. Salts can
change the semi-IPN structure of the hydrogel to a full IPN hydrogel with enhanced
wet strength. Alternatively, various concentrations of different salts can be used to
manipulate the hydrogel mechanical properties [129-131]. These hydrogels have so
far been investigated as a controlled release platform for proteins [132—134], as a
gastroretentive platform to enhance bioavailability of the drugs with narrow absorp-
tion window [127] as well as a tablet superdisintegrant [135].

4.2.8 Other Hydrogel Products

4.2.8.1 Hydrogel Implants

Histrelin acetate (Supprelin LA™, Vantas) subcutaneous implant is a long term
delivery platform for the nonapeptide histrelin acetate. The drug is used to treat
the symptoms of advanced prostate cancer and is released from this synthetic
nonbiodegradable platform over a 12-month period. The hydrogel platform
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(3.5 cm x 3 mm cylinder) is composed of 2-hydroxyethyl methacrylate,
2-hydroxypropyl methacrylate, trimethylolpropane trimethacrylate, and other
nonpolymeric additives [29].

4.2.8.2 Hydrogel Inserts

The vaginal insert Cervidil® is composed of a crosslinked polyethylene oxide/
urethane polymer (rectangle shape, 29 mm X 9.5 mm X 0.8 mm) and has been
designed to release dinoprostone at about 0.3 mg/h in vivo. Once placed in a moist
environment, the platform swells and releases the drug [29].

4.2.8.3 Osmotic Devices

Tonsys™ provides 40 pg dose of fentanyl per activation, which takes about 10 min.
The system has two hydrogel reservoirs. The anode hydrogel contains fentanyl HC1
and the cathode hydrogel contains inactive excipients including polacrilin and
poly(vinyl alcohol) [29].

4.2.8.4 Osmotic Implants

Viadur® (leuprolide acetate implant) is a sterile nonbiodegradable implant
(45 mm x 4 mm, 1.1 g) that has been designed to deliver leuprolide acetate over
a 12-month period. The implant utilizes Alza’s Duros technology and is inserted
subcutaneously. The platform is composed of a polyurethane rate controlling
membrane, an elastomeric piston, and a polyethylene diffusion moderator [29].
The osmotic force, which drives long-term delivery of the active, is originated from
the osmotic tablets composed of sodium chloride, sodium carboxymethyl cellulose,
and povidone.

4.2.8.5 Osmotic Tablets

Paliperidone is an atypical antipsychotic medication for the acute and maintenance
treatment of schizophrenia. Invega® is an osmotically driven delivery system (in
tablet form), which uses osmotic pressure to deliver paliperidone at a controlled rate.
The delivery system is composed of a trilayer core (osmotically active), subcoat, and
a semipermeable membrane and has two laser-drilled orifices on the drug layer. In an
aqueous environment, water enters the tablet through the semipermeable membrane
at a controllable rate. The hydrophilic polymers of the core generally poly(ethylene
oxide) hydrate and swell and create a gel mass containing paliperidone, which is
pushed out of the tablet orifices [29]. Concerta®™, Ditropan®XL, and Glucophage®™XR
utilize a similar concept to deliver methylphenidate HCI (a central nervous system
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stimulant), oxybutynin chloride (an antispasmodic, anticholinergic agent), and met-
formin HCI (an antidiabetic), respectively.

4.2.8.6 Tissue Expanders

The idea of growing extra skin for reconstructing purposes is a neat one. Conven-
tionally, a silicone rubber is inserted subcutaneously, and then is filled with saline to
stretch the skin and to induce its growth. Silicone expanders are used for breast
reconstruction and deformities, damaged skins, burns, scars, skin cancer, and more.
In order to stretch the tissue to the desired size, the balloon needs to be filled with
saline over and over, which may cause infection and rejection by patients. Osmed, a
Germany based company has utilized a similar concept except the balloon is self
inflated and it is not filled with fluids. The Osmed expander is a crosslinked
copolymer of methyl methacrylate and N-vinyl pyrrolidone similar to the materials
used in soft contact lenses. It absorbs the fluid from surrounding tissues and swells
to 3-12 times its own volume. The slow swelling expanders are supplied as
rectangle, round and cylinder with swelling time ranging from 10 to 180 days,
while the faster ones are supplied as semi sphere, sphere and pin with swelling time
of a few days [136-138]. Alternatively, the liquid contents of a conventional
silicone expander can be converted to a semisolid mass to minimize the fluid
leakage from the device. Hydrogels based on crosslinkable macromonomers with
polymerizable end-groups are under development for breast reconstruction
applications [139].

4.2.8.7 Contact Lenses

A contact lens material should have a combination of properties such as ease of
manufacturing, FDA acceptability, wetability, and permeability. There are generally
three types of contact lenses, i.e., hard, soft, and gas permeable (GP or RGP). Hard
lenses are originally based on poly(methyl methacrylate) and their service tempera-
ture is below the polymer glass transition temperature. To make the lens material,
methyl methacrylate monomer is polymerized in bulk in the presence of crosslinker
and initiator via a radiation technique (ultraviolet or infrared). Hard lenses prepared in
this way are then cut with a precision lathe. Hard lenses are now obsolete and have
been replaced by soft and gas permeable lenses. Soft contact lenses are typically
formed via a simultaneous polymerization and cast molding or spin casting. These are
generally based on 2-hydroxyethyl methacrylate with either N-vinyl pyrrolidone or
methacrylic acid monomer, crosslinked with ethylene glycol dimethacrylate. Alter-
natively, soft lenses are manufactured based on polydimethylsiloxane, so called
siloxane lenses. Focus Night and Day® (Ciba Vision), Acuvue Oasys® (Vistakon)
and PureVision® (Bausch and Lomb) are silicon based hydrogel lenses. Some
recently approved soft contact lenses by the FDA are Omafilcon A® (a copolymer
of 2-hydroxyethyl methacrylate and 2-methacryloyloxyethyl phosphorylcholine
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crosslinked with ethylene glycol dimethacrylate), Methafilcon A® (a hydrophilic
copolymer of 2-hydroxyethyl methacrylate and methacrylic acid, crosslinked with
ethylene glycol dimethacrylate), and Hioxifilcon A® (ultrahigh-molecular-weight
random copolymer of 2-hydroxyethyl methacrylate and 2,3-dihydroxpropyl methac-
rylate (glycerol methacrylate) crosslinked with ethylene glycol dimethacrylate
[140]). Some recently approved gas permeable contact lenses are Pahrifocon A®
(a crosslinked copolymer of acrylate, silicone acrylate, and fluorosilicone acrylate
monomers, dimers and oligomers), Hexafocon A®, Enflufocon B®, and Enflufocon
A" (aliphatic fluoroitaconate siloxanyl methacrylate copolymer available with or
without UV blocker) [140].

4.3 Conclusion

Swelling and mechanical features of hydrogel polymers have enabled them to find
extensive applications in traditional, modern, and novel pharmaceutical area.
Desirable hydrogel properties for a given application can be achieved by selecting
a proper hydrogel material, crosslinking method, as well as processing techniques.
These biocompatible materials are currently used in pharmaceutical dosage forms
as superdisintegrant, ion exchangeable material, and controlled release platform.
On the contrary, nondisposable hydrogels with longer term of service have found
applications as biomedical inserts and implants. Superporous hydrogels are an
exclusive class of hydrogels that can potentially be used for both short- and long
term applications including superdisintegrant, controlled release platform, and a
gastroretentive drug delivery system.

References

. Celia H, Special Delivery. http://pubs.acs.org/cen/coverstory/7838/7838scit1.html
. Chen H et al (2007) Characterization of pH- and temperature-sensitive hydrogel nanoparticles
for controlled drug release. PDA J Pharm Sci Technol 61(4):303-313

3. Satarkar NS, Hilt JZ (2008) Magnetic hydrogel nanocomposites for remote controlled
pulsatile drug release. J Control Release 130(3):246-251

4. Huang G et al (2004) Controlled drug release from hydrogel nanoparticle networks. J Control
Release 94(2-3):303-311

5. Kim JH, Lee TR (2006) Discrete thermally responsive hydrogel-coated gold nanoparticles for
use as drug-delivery vehicles. Drug Dev Res 67(1):61-69

6. Okuyama Y et al (1993) Swelling controlled zero-order and sigmoidal drug-release from
thermoresponsive poly(n-isopropylacrylamide-co-butyl methacrylate) hydrogel. J Biomater
Sci Polym Ed 4(5):545-556

7. Jones DS et al (2008) Characterization of the physicochemical, antimicrobial, and drug

release properties of thermoresponsive hydrogel copolymers designed for medical device

applications. J Biomed Mater Res B Appl Biomater 85B(2):417—426

N —


http://pubs.acs.org/cen/coverstory/7838/7838scit1.html

100

8.

10.

11.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

H. Omidian and K. Park

Jeong B, Bae YH, Kim SW (2000) Drug release from biodegradable injectable
thermosensitive hydrogel of PEG-PLGA-PEG triblock copolymers. J Control Release 63
(1-2):155-163

. Slepian MJ (1996) Polymeric endoluminal gel paving: therapeutic hydrogel barriers and

sustained drug delivery depots for local arterial wall biomanipulation. Semin Interv Cardiol 1
(1):103-116

Mayo L et al (2008) A novel poloxamers/hyaluronic acid in situ forming hydrogel for drug
delivery: rheological, mucoadhesive and in vitro release properties. Eur J Pharm Biopharm 70
(1):199-206

Zhao Y et al (2006) Study on preparation of the pH sensitive hydroxyethyl chitin/poly
(acrylic acid) hydrogel and its drug release property. Sheng Wu Yi Xue Gong Cheng Xue
Za Zhi 23(2):338-341

. Bilia A et al (1996) In vitro evaluation of a pH-sensitive hydrogel for control of GI drug

delivery from silicone-based matrices. Int J Pharm 130(1):83-92

Kim IS, Oh 1J (2005) Drug release from the enzyme-degradable and pH-sensitive hydrogel
composed of glycidyl methacrylate dextran and poly(acrylic acid). Arch Pharm Res 28
(8):983-987

Ali Ael-H, Hegazy el-SA (2007) Radiation synthesis of poly(ethylene glycol)/acrylic acid
hydrogel as carrier for site specific drug delivery. J Biomed Mater Res B Appl Biomater
81(1):168-174

Liu YY et al (2006) pH-responsive amphiphilic hydrogel networks with IPN structure:
a strategy for controlled drug. Int J Pharm 308(1-2):205-209

Sadeghi M, Hosseinzadeh H (2008) Synthesis of starch-poly(sodium acrylate-co-acrylamide)
superabsorbent hydrogel with salt and pH-responsiveness properties as a drug delivery
system. J Bioact Comp Polym 23(4):381-404

Mundargi RC et al (2008) Sequential interpenetrating polymer network hydrogel
microspheres of poly(methacrylic acid) and poly(vinyl alcohol) for oral controlled drug
delivery to intestine. J Microencapsul 25(4):228-240

Bajpai SK, Saggu SPS (2007) Controlled release of an anti-malarial drug from a pH-sensitive
poly(methacrylamide-co-methacrylic acid) hydrogel system. Desig Monom Polymer 10
(6):543-554

Varshosaz J, Hajian M (2004) Characterization of drug release and diffusion mechanism
through hydroxyethylmethacrylate/methacrylic acid pH-sensitive hydrogel. Drug Deliv 11
(1):53-58

Jain SK et al (2007) Design and development of hydrogel beads for targeted drug delivery to
the colon. AAPS PharmSciTech 8(3):E56

Jain SK et al (2007) Design and development of hydrogel beads for targeted drug delivery to
the colon. AAPS PharmSciTech 8:E34-E41

Lin YW, Chen Q, Luo HB (2007) Preparation and characterization of N-(2-carboxybenzyl)
chitosan as a potential pH-sensitive hydrogel for drug delivery. Carbohydr Res 342(1):87-95
Sun LP et al (2004) The synthesis of carboxymethylchitosan hydrogel and the application in
drug controlled release systems. Acta Polymerica Sinica 2:191-195

Zhou YS et al (2008) A pH-sensitive water-soluble N-carboxyethyl chitosan/poly
(hydroxyethyl methacrylate) hydrogel as a potential drug sustained release matrix prepared
by photopolymerization technique. Polymer Adv Technol 19(8):1133-1141

Chen SC et al (2004) A novel pH-sensitive hydrogel composed of N, O-carboxymethyl
chitosan and alginate crosslinked by genipin for protein drug delivery. J Control Release
96(2):285-300

Castelli F et al (2008) Differential scanning calorimetry study on drug release from an inulin-
based hydrogel and its interaction with a biomembrane model: pH and loading effect. Eur J
Pharm Sci 35(1-2):76-85

Varshosaz J, Falamarzian M (2001) Drug diffusion mechanism through pH-sensitive hydro-
phobic/polyelectrolyte hydrogel membranes. Eur J Pharm Biopharm 51(3):235-240



4 Hydrogels 101

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

438.

49.

50.

51.

52.

Kulkarni RV, Sa B (2008) Evaluation of pH-sensitivity and drug release characteristics of
(Polyacrylamide-Grafted-Xanthan)-carboxymethyl cellulose-based pH-sensitive interpene-
trating network hydrogel beads. Drug Develop Ind Pharm 34(12):1406-1414
http://www.rxlist.com

Bettini R et al (1994) Swelling and drug-release in hydrogel matrices — polymer viscosity and
matrix porosity effects. Eur J Pharm Sci 2(3):213-219

Alvarez-Mancenido F et al (2006) Characterization of diffusion of macromolecules in konjac
glucomannan solutions and gels by fluorescence recovery after photobleaching technique. Int
J Pharm 316(1-2):37-46

Antony PJ, Sanghavi NM (1997) A new disintegrant for pharmaceutical dosage forms. Drug
Dev Ind Pharm 23(4):413-415

Antony PJ, Sanghavi NM (1997) A new binder for pharmaceutical dosage forms. Drug Dev
Ind Pharm 23(4):417-418

Deasy PB, Quigley KJ (1991) Rheological evaluation of deacetylated Gellan gum (Gelrite)
for pharmaceutical use. Int J Pharm 73(2):117-123

Beck GM, Neau SH (2000) Optimization of lambda-carrageenan as a chiral selector in
capillary electrophoresis separations. Chirality 12(8):614-620

Valenta C, Schultz K (2004) Influence of carrageenan on the rheology and skin permeation of
microemulsion formulations. J Control Release 95(2):257-265

Binello A et al (2004) Synthesis of chitosan-cyclodextrin adducts and evaluation of their
bitter-masking properties. Flav Fragr J 19(5):394-400

Chae SY, Jang MK, Nah JW (2005) Influence of molecular weight on oral absorption of water
soluble chitosans. J Control Release 102(2):383-394

El Fattah EA et al (1998) Physical characteristics and release behavior of salbutamol sulfate
beads prepared with different ionic polysaccharides. Drug Dev Ind Pharm 24(6):541-547
Felt O, Buri P, Gurny R (1998) Chitosan: a unique polysaccharide for drug delivery. Drug
Dev Ind Pharm 24(11):979-993

George M, Abraham TE (2006) Polyionic hydrocolloids for the intestinal delivery of protein
drugs: alginate and chitosan — a review. J Control Release 114(1):1-14

Singla AK, Chawla M (2001) Chitosan: some pharmaceutical and biological aspects — an
update. J Pharm Pharmacol 53(8):1047-1067

Thanou M, Verhoet JC, Junginger HE (2001) Oral drug absorption enhancement by chitosan
and its derivatives. Adv Drug Deliv Rev 52(2):117-126

Grant J, Cho J, Allen C (2006) Self-assembly and physicochemical and rheological properties
of a polysaccharide-surfactant system formed from the cationic biopolymer chitosan and
nonionic sorbitan esters. Langmuir 22(9):4327—4335

Harding SE (2006) Trends in mucoadhesive analysis. Trends Food Sci Technol 17
(5):255-262

Kas HS (1997) Chitosan: properties, preparations and application to microparticulate
systems. J Microencapsul 14(6):689-711

Senel S, McClure SJ (2004) Potential applications of chitosan in veterinary medicine. Adv
Drug Deliv Rev 56(10):1467-1480

Wu J et al (2007) Water soluble complexes of chitosan-g-MPEG and hyaluronic acid.
J Biomed Mater Res A 80(4):800-812

Yu SY et al (2006) Stable and pH-sensitive nanogels prepared by self-assembly of chitosan
and ovalbumin. Langmuir 22(6):2754-2759

Chan LW, Lee HY, Heng PWS (2002) Production of alginate microspheres by internal
gelation using an emulsification method. Int J Pharm 242(1-2):259-262

Dusseault J et al (2006) Evaluation of alginate purification methods: effect on polyphenol,
endotoxin, and protein contamination. J Biomed Mater Res A 76(2):243-251

Daraio ME, Francois N, Bernik DL (2003) Correlation between gel structural properties and
drug release pattern in scleroglucan matrices. Drug Deliv 10(2):79-85


http://www.rxlist.com

102

53

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

H. Omidian and K. Park

. Deodhar UP, Paradkar AR, Purohit AP (1998) Preliminary evaluation of Leucaena
leucocephala seed gum as a tablet binder. Drug Dev Ind Pharm 24(6):577-582

Rubinstein A, Glikokabir I (1995) Synthesis and swelling-dependent enzymatic degrada-
tion of Borax-modified guar gum for colonic delivery purposes. Stp Pharma Sciences 5
(1):41-46

Desai UR, Linhardt RJ (1995) Molecular-weight of heparin using C-13 nuclear-magnetic-
resonance spectroscopy. J Pharm Sci 84(2):212-215

Fuchs T, Richtering W, Burchard W (1995) Thermoreversible gelation of a polysaccharide
with immunological activity — rheology and dynamic light-scattering. Macromol Symp
99:227-238

Munzberg J, Rau U, Wagner F (1995) Investigations on the regioselective hydrolysis of a
branched beta-1,3-glucan. Carbohydr Polymers 27(4):271-276

Song KW, Kim YS, Chang GS (2006) Rheology of concentrated xanthan gum solutions:
steady shear flow behavior. Fibers & Polymers 7(2):129-138

Tobyn MJ et al (1996) Prediction of physical properties of a novel polysaccharide controlled
release system 1. Int J Pharm 128(1-2):113-122

Uekama K et al (1995) Modification of rectal absorption of morphine from hollow-type
suppositories with a combination of alpha-cyclodextrin and viscosity-enhancing polysaccha-
ride. J Pharm Sci 84(1):15-20

Liu WG, Griffith M, Li FF (2008) Alginate microsphere-collagen composite hydrogel for
ocular drug delivery and implantation. J Mater Sci Mater Med 19(11):3365-3371

Bajpai SK, Sharma S (2006) Investigation of pH-sensitive swelling and drug release behavior
of barium alginate/carboxymethyl guar gum hydrogel beads. J Macromol Sci Part A-Pure
Appl Chem 43(10):1513-1521

Soppimath KS, Kulkarni AR, Aminabhavi TM (2000) Controlled release of antihypertensive
drug from the interpenetrating network poly(vinyl alcohol)-guar gum hydrogel microspheres.
J Biomater Sci Polym Ed 11(1):27-43

Soppirnath KS, Aminabhavi TM (2002) Water transport and drug release study from
crosslinked polyacrylamide grafted guar gum hydrogel microspheres for the controlled
release application. Eur J Pharm Biopharm 53(1):87-98

Knapczyk J (1993) Chitosan hydrogel as a base for semisolid drug forms. Int J Pharm 93
(1-3):233-237

Dai YN et al (2008) Swelling characteristics and drug delivery properties of nifedipine-
loaded pH sensitive alginate-chitosan hydrogel beads. ] Biomed Mater Res B Appl Biomater
86B(2):493-500

Bodek KH (2000) Evaluation of properties microcrystalline chitosan as a drug carrier. Part 1.
In vitro release of diclofenac from mictocrystalline chitosan hydrogel. Acta Pol Pharm 57
(6):431-440

Kubota N (1993) Molecular-weight dependence of the properties of chitosan and chitosan
hydrogel for use in sustained-release drug. Bull Chem Soc Jpn 66(6):1807-1812

Liu TY et al (2006) Synthesis and characterization of amphiphatic carboxymethyl-hexanoyl
chitosan hydrogel: water-retention ability and drug encapsulation. Langmuir 22(23):9740-9745
Qiu LY (2004) Preparation and evaluation of chitosan-coated polyphosphazene hydrogel
beads for drug controlled release. J Appl Polym Sci 92(3):1993-1999

Taleb MFA (2008) Radiation synthesis of polyampholytic and reversible pH-responsive
hydrogel and its application as drug delivery system. Polym Bull 61(3):341-351

Vodna L, Bubenikova S, Bakos D (2007) Chitosan based hydrogel microspheres as drug
carriers. Macromol Biosci 7(5):629-634

Yao KD et al (1994) pH-dependent hydrolysis and drug-release of chitosan polyether
interpenetrating polymer network hydrogel. Polym Int 34(2):213-219

Ishihara M et al (2006) Chitosan hydrogel as a drug delivery carrier to control angiogenesis.
J Artif Organs 9(1):8-16



4 Hydrogels 103

75

76.

71.

78.

79.

80.

81.

82

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

. Mohamadnia Z et al (2007) pH-sensitive IPN hydrogel beads of carrageenan-alginate for
controlled drug delivery. J Bioact Compat Polym 22(3):342-356

Liu JH, Li L, Cai YY (2006) Immobilization of camptothecin with surfactant into hydrogel
for controlled drug release. Eur Polym J 42(8):1767-1774

Makino K et al (2001) Design of a rate- and time-programming drug release device using a
hydrogel: pulsatile drug release from kappa-carrageenan hydrogel device by surface erosion
of the hydrogel. Colloids Surf B Biointerfaces 20(4):355-359

Coviello T et al (2003) Structural and rheological characterization of Scleroglucan/borax
hydrogel for drug delivery. Int J Biol Macromol 32(3-5):83-92

Coviello T et al (2003) Scleroglucan/borax: characterization of a novel hydrogel system
suitable for drug delivery. Biomaterials 24(16):2789-2798

Coviello T et al (2005) A new scleroglucan/borax hydrogel: swelling and drug release
studies. Int J Pharm 289(1-2):97-107

Palleschi A et al (2006) Investigation on a new scleroglucan/borax hydrogel: structure and
drug release. Int J Pharm 322(1-2):13-21

. Hayashi K et al (2007) Development of new drug delivery system for implant bone augmen-
tation using a basic fibroblast growth factor-gelatin hydrogel complex. Dent Mater J 26
(2):170-177

David L et al (2008) Hyaluronan hydrogel: an appropriate three-dimensional model for
evaluation of anticancer drug sensitivity. Acta Biomater 4(2):256-263

Luo Y, Kirker KR, Prestwich GD (2000) Crosslinked hyaluronic acid hydrogel films: new
biomaterials for drug delivery. J Control Release 69(1):169-184

Sungthongjeen S et al (1999) Studies on pectins as potential hydrogel matrices for controlled-
release drug delivery. Drug Dev Ind Pharm 25(12):1271-1276

Sutar PB et al (2008) Development of pH sensitive polyacrylamide grafted pectin hydrogel
for controlled drug delivery system. J Mater Sci Mater Med 19(6):2247-2253

Mishra RK, Datt M, Banthia AK (2008) Synthesis and characterization of pectin/PVP
hydrogel membranes for drug delivery system. AAPS PharmSciTech 9(2):395-403

Munjeri O, Collett JH, Fell JT (1997) Hydrogel beads based on amidated pectins for colon-
specific drug delivery: the role of chitosan in modifying drug release. J Control Release 46
(3):273-278

Ramaraj B, Radhakrishnan G (1994) Interpenetrating hydrogel networks based on gelatin and
polyacrylamide — synthesis, swelling, and drug-release analysis. J Appl Polym Sci 52
(7):837-846

Wang N, Wu XS (1997) Preparation and characterization of agarose hydrogel nanoparticles
for protein and peptide drug delivery. Pharm Dev Technol 2(2):135-142

Chen F, Wu Z, Jin Y (2005) Application research on dextran-based hydrogel and its drug
controlled release. Zhongguo Xiu Fu Chong Jian Wai Ke Za Zhi 19(11):919-922

Vervoort L et al (1997) Inulin hydrogels as carriers for colonic drug targeting: 1. Synthesis
and characterization of methacrylated inulin and hydrogen formation. Pharm Res 14
(12):1730-1737

Vervoort L et al (1999) Inulin hydrogels as carriers for colonic drug targeting. Rheological
characterization of the hydrogel formation and the hydrogel network. J Pharm Sci 88
(2):209-214

Kuzma P et al (1996) Subcutaneous hydrogel reservoir system for controlled drug delivery.
Macromol Symp 109:15-26

Eljarrat-Binstock E et al (2007) Preparation, characterization, and sterilization of hydrogel
sponges for iontophoretic drug-delivery use. Polymer Adv Technol 18:720-730

Arica MY et al (2005) Novel hydrogel membrane based on copoly(hydroxyethyl methacry-
late/p-vinylbenzylpoly(ethylene oxide)) for biomedical applications: properties and drug
release characteristics. Macromol Biosci 5(10):983-992

Blanco MD, Rego JM, Huglin MB (1994) Drug-release with simultaneous dimensional
changes from a new copolymeric hydrogel. Polymer 35(16):3487-3491



104

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

H. Omidian and K. Park

De Giglio E et al (2009) Electrosynthesis of hydrogel films on metal substrates for the
development of coatings with tunable drug delivery performances. J] Biomed Mater Res A
88(4):1048-1057

Eljarrat-Binstock E et al (2004) Hydrogel probe for iontophoresis drug delivery to the eye.
J Biomater Sci Polym Ed 15(4):397—413

Eljarrat-Binstock E et al (2005) Transcorneal and transscleral iontophoresis of dexametha-
sone phosphate using drug loaded hydrogel. J Control Release 106(3):386-390
Eljarrat-Binstock E et al (2004) Delivery of gentamicin to the rabbit eye by drug-loaded
hydrogel iontophoresis. Invest Ophthalmol Vis Sci 45(8):2543-2548

Gulsen D, Chauhan A (2005) Dispersion of microemulsion drops in HEMA hydrogel:
a potential ophthalmic drug delivery vehicle. Int J Pharm 292(1-2):95-117

Gayet JC, Fortier G (1995) Drug-release from new bioartificial hydrogel. Artif Cells Blood
Substit Immobil Biotechnol 23(5):605-611

Gayet JC, Fortier G (1996) High water content BSA-PEG hydrogel for controlled release
device: evaluation of the drug release properties. J Control Release 38(2-3):177-184

Qiu B et al (2003) A hydrogel prepared by in situ crosslinking of a thiol-containing poly
(ethylene glycol)-based copolymer: a new biomaterial for protein drug delivery. Biomaterials
24(1):11-18

Missirlis D, Tirelli N, Hubbell JA (2005) Amphiphilic hydrogel nanoparticles. Preparation,
characterization, and preliminary assessment as new colloidal drug carriers. Langmuir 21
(6):2605-2613

Shekunov BY et al (2007) Structure and drug release in a crosslinked poly(ethylene oxide)
hydrogel. J Pharm Sci 96(5):1320-1330

Shekunov BY, Taylor P, Grossmann JG (1999) Structural phenomena in hydrogel-drug
systems. J Crystal Growth 198:1335-1339

Lin H et al (2006) Synthesis, characterization and drug release of temperature-sensitive
PLGA-PEG-PLGA hydrogel. Chem J Chinese Universities-Chinese 27(7):1385-1388
Varshosaz J, Koopaie N (2002) Crosslinked poly (vinyl alcohol) hydrogel: study of swelling
and drug release behaviour. Iranian Polym J 11(2):123-131

Wang N, Wu XS, Li JK (1999) A heterogeneously structured composite based on poly(lactic-
co-glycolic acid) microspheres and poly(vinyl alcohol) hydrogel nanoparticles for long-term
protein drug delivery. Pharm Res 16(9):1430-1435

Ramaraj B, Radhakrishnan G (1994) Hydrogel capsules for sustained drug-release. J Appl
Polym Sci 51(6):979-988

Mandal TK et al (2002) Poly(d, l-lactide-co-glycolide) encapsulated poly(vinyl alcohol)
hydrogel as a drug delivery system. Pharm Res 19(11):1713-1719

Tada D et al (2005) Drug release from hydrogel containing albumin as crosslinker. J Biosci
Bioeng 100(5):551-555

Stanojevic M et al (2006) An investigation into the influence of hydrogel composition on
swelling behavior and drug release from poly(acrylamide-co-itaconic acid) hydrogels in
various media. Drug Deliv 13(1):1-7

Barthus RC, Lira LM, de Torresi SIC (2008) Conducting polymer-hydrogel blends for
electrochemically controlled drug release devices. J Braz Chem Soc 19(4):630-636

Lee WF, Chiu RJ (2002) Thermoreversible hydrogel. X VIIL. Investigation of the drug release
behavior for [N-isopropylacrylamide-co-trimethyl acrylamidopropyl ammonium iodide-co-
3-dimethyl (methacryloyloxyethyl) ammonium propane sulfortate] copolymeric hydrogels.
J Appl Polym Sci 86(7):1592-1598

Reimer K et al (2000) An innovative topical drug formulation for wound healing and
infection treatment: in vitro and in vivo investigations of a povidone-iodine liposome
hydrogel. Dermatology 201(3):235-241

Chen J et al (2005) Preparation and characterization of magnetic targeted drug controlled-
release hydrogel microspheres. Macromol Symp 225:71-80



4 Hydrogels 105

120.

121.

122.
123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.
136.
137.
138.

139.
140.

Giammona G et al (1997) A hydrogel based on a polyaspartamide: characterization and
evaluation of in-vivo biocompatibility and drug release in the rat. J Pharm Pharmacol 49
(11):1051-1056

Aikawa K et al (1998) Drug release from pH-response polyvinylacetal diethylaminoacetate
hydrogel, and application to nasal delivery. Int J Pharm 168(2):181-188
http://www.drugs.com

Chen J, Park H, Park K (1999) Synthesis of superporous hydrogels: hydrogels with fast
swelling and superabsorbent properties. J Biomed Mater Res 44(1):53-62

Chen J, Park K (1999) Superporous hydrogels: fast responsive hydrogel systems. J Macromol
Sci-Pure Appl Chem A36(7-8):917-930

Chen J, Park K (2000) Synthesis and characterization of superporous hydrogel composites.
J Control Release 65(1-2):73-82

Omidian H, et al (2005) Hydrogels having enhanced elasticity and mechanical strength
properties in US patent 6,960,617

Omidian H, Rocca JG (2006) Formation of strong superporous hydrogels in US patent
7,056,957

Omidian H, Rocca JG, Park K (2006) Elastic, superporous hydrogel hybrids of polyacryl-
amide and sodium alginate. Macromol Biosci 6(9):703-710

Omidian H, Park K (2008) Swelling agents and devices in oral drug delivery. J Drug Deliv
Sci Technol 18(2):83-93

Omidian H, Park K, Rocca JG (2007) Recent developments in superporous hydrogels.
J Pharm Pharmacol 59(3):317-327

Omidian H, Rocca JG, Park K (2005) Advances in superporous hydrogels. J Control Release
102(1):3-12

Dorkoosh FA et al (2001) Development and characterization of a novel peroral peptide drug
delivery system. J Control Release 71(3):307-318

Dorkoosh FA et al (2002) Intestinal absorption of human insulin in pigs using delivery
systems based on superporous hydrogel polymers. Int J Pharm 247(1-2):47-55

Dorkoosh FA et al (2002) Evaluation of superporous hydrogel (SPH) and SPH composite in
porcine intestine ex-vivo: assessment of drug transport, morphology effect, and mechanical
fixation to intestinal wall. Eur J Pharm Biopharm 53(2):161-166

Yang SC et al (2004) Application of poly(acrylic acid) superporous hydrogel microparticles
as a super-disintegrant in fast-disintegrating tablets. J Pharm Pharmacol 56(4):429-436
Wiese KG (1996) Tissue expander inflating due to osmotic driving forces of a shaped body of
hydrogel and an aqueous solution. US Patent #5,496,368

Wiese KG et al (2001) Biomaterial properties and biocompatibility in cell culture of a novel
self-inflating hydrogel tissue expander. J] Biomed Mater Res 54(2):179-188

Osmed (GMBH), Hydrogel competence: self-inflating tissue expander. http://www.osmed.biz
Akina, Tissue expanding hydrogel (Resitex). http://www.akinainc.com

List of contact lenses allowed to be sold in the United States. Food and Drug Administration
Website, http://www.fda.gov/cdrh/contactlenses/lenslist.html


http://www.drugs.com
http://www.osmed.biz
http://www.akinainc.com
http://www.fda.gov/cdrh/contactlenses/lenslist.html

Chapter 5
Biodegradable Polymers in Drug
Delivery Systems

Jamie Tsung and Diane J. Burgess

Abstract This chapter is focused on the use of biodegradable polymers in long
acting injectable drug delivery systems with an emphasis on marketed products. An
overview is provided of how the chemical structures and physical properties of
these polymers impact functionality of drug delivery systems and how to
strategically select polymers for different applications. Detailed examples of bio-
degradable drug delivery systems are discussed with respect to routes of adminis-
tration and disease states. The reader will gain information on polymer selection for
different applications and on how to integrate knowledge of materials science and
formulations to strategically design drug delivery systems for different pathological
states.

5.1 Introduction

During the past several decades, considerable research and development efforts
have focused on biodegradable polymers for biomedical applications [1]. Medical
applications of biodegradable polymers range from sutures in wound management
to antiadhesive coating agents in stent devices [18, 26, 31-33, 41, 53]. The first
suture using a synthetic polymer, polyglycolide suture (Dexon™), was introduced
in 1969. Owing to the availability of safety and long-term clinical data, and their
predicable degradation profiles, biodegradable polymers have been utilized in
various controlled drug delivery systems [13, 29].

Controlled drug delivery can involve both rate and target control [6, 42], allowing
for predictable dissolution rates, optimizing drug release to achieve concentrations
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within the therapeutic index in vivo, and targeting of specific cells, tissues, and
organs. Consequently, controlled drug delivery is able to reduce the frequency of
administration, reduce systemic side effects, and increase patient compliance. Con-
trolled drug delivery is flexible and can utilize various routes of administration
routes, including the oral, buccal, transdermal, ocular, nasal, pulmonary, and paren-
teral routes. However, the need for biodegradable polymeric delivery systems is
mainly in the parenteral area.

Numerous parenteral, polymeric controlled delivery technologies have been suc-
cessfully developed and validated, and many products are currently on the market,
including nanoparticle systems, microspheres, hydrogel implants, and prodrugs
[22, 38, 40, 47]. These systems are administered via intravenous, subcutaneous,
and intramuscular injection. Biodegradable polymer delivery systems degrade safely
in the body, eliminating the need for surgical extraction. In addition, biodegradable
polymers tend to have improved biocompatibility with respect to foreign body
response compared to nondegradable polymers.

In 1989, the US Food and Drug Administration (FDA) approved the first
biodegradable polymeric controlled drug delivery system Lupron® Depot for the
treatment of advanced prostate cancer [2]. Lupron® Depot is leuprolide encap-
sulated into poly(p,L-lactide-co-glycolide) (PLGA) microspheres. The depot is a
suspension dosage form administered intramuscularly, providing long term
leuprolide delivery. PLGA slowly hydrolyzes in the body, delivering leuprolide
over periods of weeks to months. In recent years, numerous biodegradable poly-
meric delivery systems including Trelstar™ Depot, Zoladex®, and Eligard™ have
been introduced into the market. Section 5.3 includes a detailed discussion of these
delivery systems.

The aim of this chapter is to provide an overview of applications of biodegrad-
able polymers in marketed parenteral drug delivery systems. Most of these
applications are in the form of particulate and in situ controlled drug delivery
systems. Formulation design and selection of biodegradable polymers as well as
strategies for controlled delivery and targeting delivery are discussed.

5.2 Classification of Biodegradable Polymers

A polymer is a large molecule composed of many repeating smaller structural units
called monomers that are connected by covalent chemical bonds. Biodegradation is
the chemical breakdown of materials in a physiological environment where the
material is degraded by enzymes or is hydrolysed [14, 46]. Depending on the
source, biodegradable polymers are classified as either synthetic or natural (biolog-
ically derived). Examples of both kinds are listed in Table 5.1.

There are several requirements that must be met for biodegradable polymers to be
used in parenteral drug delivery systems, as discussed by Naira and Laurencin [33].
Biodegradable polymers used in parenteral drug delivery systems should be natu-
rally and completely eliminated from the body and the polymers and degradants
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Table 5.1 Examples of natural and synthetic biodegradable polymers

Natural biodegradable polymers Synthetic biodegradable polymers
Proteins: collagen, gelatin, albumin, Polyesters: Poly(glycolic acid), Poly(lactic acid), Poly
elastin, fibrin (lactic-glycolic acid), Poly(caprolactone) (PCL)
Polysaccharides: chitosan, dextran, Polyanhydrides
alginate, hyaluronic acid Polyorthoesters
Polyurethanes
Tyrosine-derived polycarbonates
Polyphosphazenes

should be nontoxic and non immunogenic. They should also be compatible with the
therapeutic agent(s) and excipients, and should not interfere with the therapeutic
effects of the drug. From a manufacturing and CMC (chemistry, manufacturing and
controls) standpoint, the polymer should be easy to synthesize and characterize,
batches should be reproducible, and the polymer should be stable and easily
sterilized. The manufacturing process should be simple and economic to manufac-
ture and scale-up. From a business standpoint, polymers should be applicable to
various drugs, including small molecules, proteins, and nucleic acid-based drugs.

5.2.1 Natural Polymers

Natural polymers, listed in the left column of Table 5.1, are present in plants or
animals, as proteins and polysaccharides [41]. Most natural polymers are water-soluble
and must be crosslinked to from a water insoluble polymer network. The extent of
crosslinking can affect drug release rates from delivery systems prepared using these
polymers. The crosslinking process can involve heat and/or the application of chemical
agents, such as glutaraldehyde and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC, carbodiimide) [34]. EDC reacts with the amine and carboxyl groups on the
polymer to form amide groups. Glutaraldehyde reacts with the amine groups on
polymer to form a Schiff base.

Natural polymers vary in molecular weight and composition and hence can
exhibit considerable lot to lot variability. They are less pure and their physicochem-
ical properties are less easy to control when compared to synthetic polymers. In
addition, they can elicit a strong immunogenic response. Most natural polymers
undergo enzymatic degradation in vivo. Degradation of natural polymers depends
on the degree of crosslinking and other physicochemical properties of natural
polymers such as purity, and molecular weight, as well as the availability and
concentration of enzymes at the local in vivo site. These conditions affect the drug
release profile from delivery systems prepared using natural polymers. Natural
polymers typically lack a reproducible degradation rate and typically have a short
drug release half life. Collagen and gelatin are the most common natural polymers
used in marketed products, and these are discussed below.
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5.2.1.1 Collagen

Collagen is a fibrous protein found in connective tissue. Collagen consists of three
polypeptide chains intertwined to form a right handed triple helix (tertiary structure).
Each of the individual polypeptide chains forms a left handed helix (secondary
structure). There are more than 22 different types of collagen currently identified in
the human body. Type I collagen is the most abundant protein present in mammals
and is the most thoroughly studied protein. The three polypeptide subunits of Type I
collagen have similar amino-acid compositions. Each polypeptide is composed of
about 1,050 amino acids, containing approximately 33% glycine, 25% proline, and
25% hydroxyproline with a relative abundance of lysine.

Native collagen is water insoluble, and for many pharmaceutical applications
collagen is modified to improve its water solubility. Collagen undergoes enzymatic
degradation in the body via enzymes, such as collagenases and metalloproteinases.
Drug release from collagen matrices is controlled by varying the degree of
crosslinking and other physical properties such as porosity, density, and degree of
degradation by enzymes in vivo.

Collagen is a major component of the extracellular matrix and natural collagen
is, therefore, an ideal matrix material for tissue engineering and wound dressing
applications. Product examples include AlloDerm® and Sulmycin® implants, appli-
cations of which are discussed in Sect. 5.3.

5.2.1.2 Gelatin

Gelatin, denatured collagen, is a modified natural polymer formed by hydrolysis
of fibrous insoluble collagen. Gelatin is typically isolated from bovine or porcine
skin or bone by partial acid hydrolysis (Type A) or partial alkaline hydrolysis
(Type B) [43]. This processing breaks up the collagen tripolypeptide, generating
single polypeptide chains.

Structurally, gelatin molecules contain repeating sequences of glycine—X-Y
triplets, where X and Y are frequently proline and hydroxyproline. These sequences
are responsible for gelatin’s ability to form a gel when saturated by water. Gelatin is
zwitterionic, since it contains amino acids bearing acidic carboxyl (glutamic and
aspartic acid) side chains, and basic ¢-amino (lysine), guanidinium (arginine) and
imidazole (histidine) groups. The isoelectric point (pI) of gelatin molecules is
defined as the pH value at which the net average charge due to ionization of the
acidic and basic groups is zero.

Similar to collagen, preparation of gelatin often presents lot-to-lot variability
including a distribution of polypeptide fragments of different sizes, different isoelec-
tric points (pl), and different gelling properties. Consequently, the physiochemical
properties of gelatin vary depending on the method of extraction, the amount
of thermal denaturation employed, and electrolyte content of the resulting material.
To overcome the variable nature of gelatin preparations, manufactured recombinant
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Table 5.2 A list of the pros and cons of synthetic versus natural polymers

Classification
of polymer Pro Con
Natural Hydrophilic Possible immunogenicity
Biocompatible Require purification
Cell/tissue specific binding affinity Lot-to-lot variation
Safe Less controlled raw material
specifications
Readily available Less controlled degradation
Short release profile
Synthetic Design desired physicochemical feature, Require ligands attached to achieve
such as copolymer cell/tissue specific binding affinity
Easy to add functional groups to allow Require synthesis

crosslinking and surface modification

of chemical moieties to improve

functionality of polymer
Precise controlled release profile Scale up challenges
No immunogenicity Hydrophobic
Control of mechanical and physical

properties of polymer such as

branching

gelatins have been introduced [35]. Recombinant technology eliminates many of the
variables and drawbacks associated with tissue derived material. This allows the
production of gelatins with defined molecular weights and pls, guaranteed lot to lot
reproducibility, and the ability to tailor the molecule to match a specific application.

Gelatin is usually crosslinked to form a water insoluble polymer network.
Gelatin has relatively low antigenicity, so it is useful in parenteral dosage forms.
Gelatins have been used commercially as plasma expanders, vaccine bases, and
absorbable sponges (e.g., Gelfoam™® or Spongel®).

5.2.2 Synthetic Polymers

In the first half of twentieth century, development of materials synthesized from
glycolic acid and other o-hydroxy acids was abandoned because the resulting
polymers were unstable for long-term industrial uses. However, this instability,
leading to biodegradation, has proven to be immensely important in medical
applications over the last three decades. The second column of Table 5.1 lists
common synthetic biodegradable polymers currently in use for research and com-
mercial applications [16]. Synthetic polymers have predictable and reproducible
degradation rates and controlled release profiles that overcome some of the
disadvantages of natural polymers.

Table 5.2 lists the pros and cons of natural and synthetic polymers [29].
Synthetic polymers which contain only a single type of repeating unit are known
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as homopolymers, while polymers containing a mixture of repeating units are
known as copolymers [23]. The physical properties of polymers depend on the
structure of the polymer, including the type of monomer, the length of the chain and
arrangement of monomers within the polymer. For example, custom design of the
branching of the polymer chains can alter intermolecular forces and consequently
affect bulk physical polymer properties. In general, long-chain branches may
increase polymer strength, toughness, and the glass transition temperature (7)
due to an increase in the number of entanglements per chain. Similarly, altering
monomer arrangement in a copolymer can be used to control physicochemical and
mechanical properties, such as crystallinity, tensile strength, and degradation pro-
file. Depending on comonomer content and method of synthesis, alternating,
random, and block copolymers, and grafted copolymers can be produced [23].

A disadvantage of synthetic polymers is that they usually cannot bind with
receptor binding ligands on cells. To overcome this obstacle, research on the
conjugation of polymers with receptor binding ligands and natural polymers coated
on synthetic polymers is gaining attention to achieve site specific delivery [12, 51].

The most common synthetic polymers used in marketed drug delivery
applications are discussed below. Other listed in Table 5.1, e.g., poly(orthoesters),
have not yet been commercialized.

5.2.2.1 Poly(a-esters)

Polyesters and their copolymers are the most commonly used polymers in parenteral
drug delivery systems. The major disadvantages of this family of polymers should be
addressed, including release of acidic degradation products, processing difficulties
and limited range of mechanical properties. Degradation of polyesters is mainly by
hydrolysis of ester linkages in the presence of water to release acidic degradation
products. In general, incorporation of a buffer in polyester formulations containing
protein and other acid labile therapeutics can improve the local environment by
helping prevent acid catalyzed degradation. The limited range of mechanical
properties can be addressed by incorporating other polymers.

PLA, PGA, and PLGA (Fig. 5.1(1))

Poly(lactic acid) (PLA) and poly(glycolic acid)(PGA) are homopolymers. The PLA
homopolymer is stiff due to its highly crystalline nature, while PGA homopolymer
is soft due to low crystallinity. Depending on the ratio of lactide to glycolide used
for polymerization, different forms of poly(p,L-lactide-co-glycolide) (PLGA) rang-
ing from mostly PLA to mostly PGA can be obtained [52].

The degradation period of PLGA is between days and years and is a function of
the polymer’s molecular weight and the ratio of lactic acid to glycolic residues [40].
The higher the content of lactide units, the higher the molecular weight and
crystalline content, and this results in slower degradation. PLGA undergoes hydro-
lysis in the body to produce the original monomers, lactic acid and glycolic acid.
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1. Poly(lactic-co-glycolic acid) (PLGA).

(o}

mo

m: number of units of lactide
n: number of units of glycolde

2. Polycaprolactone (PCL)

o Hz Ho
C C
\ﬁ/ \C/ \a

2 Hp n

2

n: number of units of caprolactone

3. Poly [bis(p-carboxyphenoxy) propane-sebacic acid (PCPP-SA)

Hp
(0] C o]
\C/ \C/

Ha Hz Ha

m: number of units of bis(p-carboxyphenoxy)propane
n: number of units of sebacic acid

Fig. 5.1 Structures of biodegradable polymers. (1) PLGA. (2) Poly(e-caprolactone). (3) Poly
[(carboxyphenoxy propane)-(sebacic acid)] (PCPP-SA)

The acidic environment resulting from degradation can be overcome by
formulating with a buffer to balance the pH and improve drug stability (e.g., for
protein or peptide drugs) [50]. Since the two monomers are by-products of meta-
bolic pathways in the body, there is minimal systemic toxicity associated with using
PLGA for drug delivery or biomaterial applications.

Polymers prepared from glycolic acid and lactic acid are extensively used in
biomedical applications, such as grafts, sutures and implants. Examples include
polyglycolide suture (DEXON™) and PLGA used in sutures, surgical pins, and
staples (i.e. Vicryl®, Quiet™ sutures or staples) [40, 52].

Poly(ge-caprolactone) PCL

PCL is an aliphatic poly(a-hydroxy acid) and semicrystalline polymer (Fig. 5.1(2)).
The monomeric unit g-caprolactone is relatively inexpensive and much research is
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focused on polycaprolactone. The degradation of poly(a-hydroxy acids) depends on
chemical hydrolysis of hydrolytically labile aliphatic ester linkages. Owing to its
slow degradation, high permeability to many drugs and nontoxicity, PCL was
initially investigated as a long term drug delivery vehicle, for example, the long-
term contraceptive device Capronor®. This biodegradable PCL capsule device was
implanted subdermally and was capable of long term zero order controlled release
of levonorgestrel. PCL alone is stiff and has a slow degradation profile. A block
copolymer of g-caprolactone with glycolide offers reduced stiffness compared with
pure PGA, and is sold as a monofilament suture by Ethicon, Inc., under the trade
name Monocryl™. In 2009, the FDA also approved the commercial Monocryl Plus
antibacterial suture (poliglecaprone 25).

5.2.2.2 Polyanhydrides

Polyanhydrides are characterized by aliphatic anhydride bonds that connect the
monomer units of the polymer chain [21]. The hydrolytically labile backbone
coupled with the hydrophobicity of the polymer precludes water penetration into
the matrix, allowing polyanhydrides to undergo surface erosion. In vivo, polyan-
hydrides degrade into nontoxic diacid monomers that can be metabolized and
eliminated from the body.

Aliphatic polyanhydrides were introduced in 1932 as fiber forming polymers for
textile applications. Owing to their hydrolytic instability and surface eroding
nature, Langer et al. investigated this class of polymers for controlled drug delivery
applications in the 1980s. Owing to its safe degradation, poly[(carboxyphenoxy
propane)-(sebacic acid)] (PCPP-SA) (Fig. 5.1(3)) was used as a localized delivery
vehicle for controlled delivery of the chemotherapeutic agent carmustine (BCNU)
in the treatment of brain cancer (Gliadel®). A copolymer of 1:1 sebacic acid and
erucic acid dimer is used in the polyanhydride implant (Septacin®™) that contains
gentamicin sulfate and was developed for sustained local delivery in the treatment
of osteomyelitis.

5.3 Biodegradable Polymeric Drug Delivery

Biodegradable polymeric drug delivery systems are beneficial in treating many
disease states, and are presented in various dosage forms. Table 5.3 lists currently
marketed biodegradable polymeric drug delivery systems, indications for use, and
durations of action.
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5.3.1 Mechanism of Release from Polymeric
Drug Delivery Systems

Drug release from biodegradable delivery systems occurs by a combination of drug
diffusion, osmosis and polymer degradation or bioerosion. In general, degradation
of polymers includes bulk erosion and surface erosion [3]. Bulk erosion leads to
multiple channels of drug diffusion out of a polymeric system and consequently
unpredictable or undesirable release profiles can be obtained, such as burst effects.
Therefore, drugs with narrow therapeutic windows should not be used with
polymers that undergo bulk erosion. On the contrary, surface erosion of polymeric
drug delivery systems can display nearly zero order release kinetics, and if release
occurs primarily by diffusion of drug near the surface, then approximately constant
release rates are achievable.

Natural polymers are mainly degraded by enzymatic degradation and the degra-
dation products are amino acids or sugars. On the contrary, most synthetic biode-
gradable polymers are degraded by hydrolytic degradation with little enzyme
involvement, and the ultimate degradation products are monomers. Hydrolysis
depends on the site of administration and manufacturing procedure as well as the
physical properties of these polymers, such as hydrophobicity, crystallinity, glass
transition temperature (7,), impurities, molecular weight, polydispersity, degree of
crosslinking, and geometry. In general, slow degradation can be achieved by
selection of polymers with high molecular weight, high degree of crystallinity,
high T, and high degree of crosslinking.

5.3.2 Selection of Biodegradable Polymer in Controlled
Drug Delivery

The science of drug delivery systems is multidisciplinary, integrating polymer
science, pharmaceutical science, clinical and molecular biology. A general knowl-
edge of the indication of treatment, properties of excipients and therapeutic drugs,
and how the characteristics of the drug carrier impact the in vivo and in vitro
situation is imperative. It is necessary to know the intended use of the drug and the
target drug product profile including desired frequency and duration of the drug to
be administered as well as the desired drug release profile in vivo. With knowledge
of the target drug product profile in mind, a design space can be formulated. For
example, selection of excipients includes consideration of drug-excipient incom-
patibility as well as the toxicity profile and clinical outcome. The physicochemical
and mechanical properties of polymers impact the drug delivery system and its
in vivo performance. For example, choice of the molecular weight of PLGA and the
ratio of the two comonomers affects the drug release profile. Particle size and
surface charge of the delivery system can have an impact on drug targeting and
pharmacokinetics. The manufacturing process should be robust and a correlation
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between the scale-down and scale-up model should be established. Understanding
of the impact of key process parameters and critical attributes of the product is
required. Chemistry, manufacturing, and control (CMC) issues as well as clinical
concerns of safety and efficacy are key to successful drug product development.

Selection of a biodegrable polymer for a particular application depends on the
desired controlled formulation or dosage form, location and frequency of adminis-
tration, and duration of action. For example, drug delivery systems for central
nervous system (CNS) chemotherapy require well controlled release profiles,
such as a zero order release profiles and avoidance of burst release and local
toxicity. Biodegradable polymers with surface erosion should, therefore, be con-
sidered for application to CNS chemotherapy [27]. Biodegradable polymers with
bulk erosion profiles, such as PLA or PLGA, may provide first order release profiles
and are suitable for long-term treatments as well as those requiring higher thera-
peutic concentrations. For local drug delivery with short-term application within
weeks, natural polymers such as gelatin or collagen can be considered since natural
polymers have relatively short time degradation profiles.

5.3.3 Overview of Controlled Drug Delivery

Rate controlled drug delivery pre-designates the rate at which drug is delivered to
the body. For example, release of active therapeutics may be extended over a long
period (sustained release), it may be constant (zero order release), or it may be
triggered by the environment (e.g., pulsatile release or feedback release).

Site specific or targeted delivery offers the advantages of reduced body burden
and lower chance of systemic toxicity of the drugs, which is especially useful for
highly toxic drugs such as anticancer agents [27, 28]. Site specific or targeted
delivery includes passive and active targeting, as originally proposed by Paul
Ehrlich [45]. Ehrlich suggested that drugs with special affinities, “magic bullets”,
would directly reach the target pathological area following administration due to
interactions between the drug and cells at the local site. This idea has led to the
development of various targeted drug delivery systems that utilize targeting
moieties to facilitate transport of drugs to or near to the physiological treatment
site following systemic administration. Targeting moieties that identify certain cell
lines or tissues are attached to the surface of “active” targeted drug delivery
systems, or they may be attached directly to the drug. These targeting moieties
include antibodies, enzymes, protein A, lectins, and sugars.

Active targeting is difficult due to the macrophages of the reticuloendothelial
system (RES), which may remove particulate delivery systems from the vascular
circulation, preventing them from reaching the target tissue site. Hydrophilic
polymers on the surface of drug delivery systems provide a steric effect, which
reduces protein adsorption on the surface of the polymer, consequently increasing
their circulating half life [20, 23, 49]. An example is pegylated Stealth®™ liposomes.
In this system, the flexible and relatively hydrophilic poly(ethylene glycol) (PEG)
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chains induce a steric effect at the surface of the particles that reduces protein
adsorption and RES uptake.

Passive targeting occurs when the drug carrier distributes naturally in vivo after
administration, without using a specific targeting moiety. For example, particles in
the size range 7-12 pm are usually filtered by the capillaries in the lung and,
therefore, passively target the lung. Particles in the size range 0.3-2 pm are easily
and rapidly taken up by macrophage cells and accumulate in the reticuloendothelial
systems (RES). Consequently, diseases of the RES can be targeted by particles of
this size.

Site specific delivery or active targeting can be achieved using a targeting moiety
on the surface of the drug carrier that targets a specific regional pathophysiological
site. Site specific delivery also can be achieved using a localized delivery device
that delivers the drug carrier to a given region of the body. For example, a
microsphere suspension can be placed and retained at the angioplasty site of an
injured artery via a balloon catheter [10, 19, 25]. The polymer used for particulate
preparation, together with physicochemical properties of the dosage form (the
particle size and porosity), dictates the release rate. In general, natural polymers
have short degradation rates between days and weeks while synthetic polymeric
microspheres can have degradation rates between months and years [15]. Drug
release from carriers is dependent on the mechanism of release, diffusion of the
drug through the polymer matrix and the size and the surface area of the carrier.
In general, nanoparticulate systems have faster release rates compared to micro-
sphere systems due to their larger surface area. Nanoparticulates with hydrophilic
chains on the particle surface have a long circulation time in vivo.

5.3.4 Particulate Polymeric Drug Delivery Systems

Multiparticulate systems (microspheres, nanoparticles, micelles) can be efficiently
localized at treatment areas and have less risk of dose dumping compared to large
hydrogel implants [8]. These systems are also easy to administer to patients and
depending on the application can be designed for long term release, minimizing the
frequency of administration. The physicochemical characteristics of particulate
systems, e.g., particle size, surface charge and surface hydrophobicity, and inclu-
sion of targeting moieties, affect their distribution in the body. Colloidal systems
easily travel in the blood circulation system to the targeted organs/tissues and are
easily administrated via injection without the need for surgical incision. Micros-
pheres and other large particulate systems are typically administered via subcuta-
neous or intramuscular injection for both local and systemic delivery.
Microspheres are solid spheres with particle sizes in the range 1-1,000 pm [7].
There are two types of microspheres, microcapsules and micromatrices.
Microcapsules are vesicular systems where the drug is encapsulated in a cavity
surrounded by a distinct polymeric membrane. Micromatrices are monolithic
systems where drug is dispersed throughout the particles. Microspheres have the
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ability to encapsulate a variety of drugs, including hydrophilic and hydrophobic
agents, and small molecules and macromolecules, and can achieve sustained release
of the agents over a period of days to years. A unique advantage of particulate
systems is the ability to blend microspheres prepared with different types of
polymers to modify the release profile.

5.3.5 In Situ Injectable Implant Drug Delivery Systems

In situ implant drug delivery consists of biodegradable polymers dissolved in
biocompatible solvent systems, with drug either dissolved or suspended in the
polymer solution [36]. Once the liquid polymer system is injected in the body,
the polymer solidifies upon contact with the aqueous body fluids. The drug becomes
encapsulated within the polymer matrix as it solidifies forming a depot system. The
advantage of in situ injectable implants is that they combine long-term delivery
with ease of administration. In addition, the manufacturing process is simple, cost
effective and exhibits low batch-to-batch variation. Several mechanisms can be
used to achieve solidification in vivo of injectable implants, including use of
thermoplastic pastes, in situ crosslinking, in situ precipitation, and in situ
solidifying organogels [17].

ATRIGEL® technology uses in situ precipitation, which is the most commer-
cially available process and technology [11]. The biodegradable polymers include
polyhydroxyacids, polyanhydrides, polyorthoesters and others. Solvents used to
dissolve the polymers range from hydrophilic solvents such as N-methyl-2-
pyrrolidone (NMP), to hydrophobic solvents such as triacetin and ethyl acetate.
Of the latter NMP is the most frequently used due to its good solvency and safety/
toxicology profile. Seven products have already been approved by the FDA using
ATRIGEL® technology [11]. This technology can be used for parenteral as well as
local drug delivery. An example of a parenteral product is Eligard®, an injectable
leuprolide acetate suspension for prostate cancer treatment. Eligard® provides
systemic release of leuprolide acetate and a range of drug release durations (1, 3,
and 4 months) are available. Atridox®™ provides localized subgingival delivery of
doxycycline for periodontal treatment. Nutropin® Depot is an injectable PLGA-
encapsulated leuprolide acetate formulation for treatment of prostate cancer.

5.3.6 Biodegradable Implant Drug Delivery Systems

Biodegradable implants incorporating antibiotic and anti-inflammatory therapeutic
agents are used for wound treatment. Collagen has been extensively investigated for
the application of localized antibiotic delivery to wound areas, such as the
Sulmycin® and Collatamp®G implants [48]. In 2009, the FDA approved commer-
cial Monocryl™ plus antibacterial sutures based on poliglecaprone 25.
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A synthetic polyanhydride copolymer (sebacic acid and erucic acid dimer; 1:1) is
used in an implant, Septacin®, containing gentamicin sulfate for sustained local
delivery to the site of infection for the treatment of osteomyelitis. To achieve
prolonged drug delivery, formulation scientists have utilized different types of
gentamicin salts in the collagen delivery system Septocoll™ [44].

Gliadel® utilizes poly[(carboxyphenoxy propane)-(sebacic acid)] (PCPP-SA) as a
localized delivery vehicle for the controlled delivery of the chemotherapeutic
agent carmustine (BCNU) for the treatment of brain cancer. Ozurdex™ is a
poly (p.L-lactide-co-glycolide) (PLGA) intravitreal implant containing the anti-
inflammatory agent dexamethasone. Ozurdex™ eye implants used to treat retinal
disease are placed at the rear of the eye to treat swelling caused by problems with
retinal veins [24]. Profact® Depot is PLGA with encapsulated buserelin acetate for
treatment of endometriosis. Zoladex® is PLGA with encapsulated goserelin for
treatment of breast and prostate cancer.

Risperdal® Consta® PLGA microspheres contain risperidone, which are admini-
stered intramuscularly every two weeks for the treatment of schizophrenia and for
the longer term treatment of Bipolar I Disorder.

5.3.7 Nucleic Acid Delivery

The success of biodegradable polymers in controlled drug delivery systems has led
to promising applications in nonviral nucleic acid delivery. Quoting Leaf Huang,
“the goal in developing non-viral nucleic acid vectors is to design a system that
simultaneously achieves high transfection efficiency, prolonged gene expression
and low toxicity” [9]. However, toxicity remains a challenge in this area as a result
of the toxicity associated with cationic polymers and lipids. Accordingly, anionic
delivery systems have been developed which combine low toxicity with similar or
better transfection when compared to cationic systems [37].

Nucleic acid delivery has two essential requirements, namely therapeutic nucleic
acids that can be expressed at a target cell, and a safe and efficient delivery system
that can deliver therapeutic nucleic acid to the specific tissue or cell. Cationic
polymers are mostly used in nucleic acid delivery because they can easily complex
with the anionic nucleic acid molecules and condense nucleic acids into
nanoparticles in the 100-300 nm range [39]. The resulting polyplexes protect
nucleic acids from degradation by nucleases. Cationic polyplexes can also interact
with the negatively charged cell surface and thereby can be taken up by cells via
endocytosis. Once inside the cell, the polyplexes osmotically swell and eventually
burst the vesicles, which then release the nucleic acids into the cytoplasm. The
nucleic acids are then free to enter the nucleus.

Polylysine and chitosan are biodegradable cationic polymers commonly used in
polyplexes. The physical properties of these cationic polymers [such as the molec-
ular weight and the structure of the polymers (branched versus linear, etc.)] impact
their transfection efficiency and cytotoxicity. The surface properties of complexes
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also impact transfection efficiency [30]. For example, PEG conjugated with
cationic polymers results in improved half-life of polyplexes, and further conjuga-
tion of ligands onto PEG-cationic polymer conjugates can improve the transfection
efficiency by reducing nonspecific cellular uptake.

5.4 Future Directions in Controlled Drug Delivery

Significant effort is being devoted to developing tailor-made polymers with desirable
functional groups to overcome the limitations of the current biodegradable polymers.
Scientists are developing novel synthetic polymers with unique functional groups to
increase the diversity of the polymer’s structure or adapt available polymers to
synthesize more desired block or graft copolymers. Furthermore, by understanding
the physical properties of polymers and the impact of functional groups on the
delivery system, a polymer library can be developed as a basis for synthesis of new
biodegradable polymers with the desired properties.

Polymeric drug delivery has demonstrated success in various applications and
provides advantages for various therapies. The future of drug delivery includes
combination devices that have incorporated therapeutic agents and mediate local
drug release at the device implant site [4, 5]. New tailor-made biodegradable
polymers will address the needs of drug delivery for nucleic acid therapy, to
improve transfection efficiency and reduce cytotoxicity.
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Chapter 6
Diffusion Controlled Drug Delivery Systems

Juergen Siepmann, Ronald A. Siegel, and Florence Siepmann

Abstract This chapter presents an overview on the different types of drug delivery
systems that are predominantly governed by diffusion. The systems are classified
according to their physical structure (reservoir devices versus monolithic systems),
as well as according to the ratio of “initial drug loading and drug solubility.” For
various cases, mathematical models are briefly presented considering different
device geometries. These theories are mechanistically realistic and enable quanti-
tative description of the resulting release kinetics. Effects of formulation para-
meters on drug release can also be predicted quantitatively. Practical examples
are given to illustrate the applicability of the presented theories and the benefits of
understanding how a diffusion-controlled drug delivery system works.

6.1 Introduction

Diffusion plays a major role in most controlled drug delivery systems. Often, the
overall release rate is affected by several physical and chemical phenomena, e.g., a
combination of water diffusion, drug dissolution, drug diffusion, polymer swelling,
polymer dissolution, and/or polymer degradation. In this chapter, predominantly
diffusion-controlled drug delivery systems are treated. Obviously, diffusion is the
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mass transport mechanism when other processes are not involved in the control of
drug release. Alternatively, diffusion is dominant if the impact of all other phenom-
ena is negligible. If several processes take place in series and one of these steps is
much slower than all the others, this slowest process is dominant. For the quantitative
description of the overall release rate, only the slowest step needs to be taken into
account. This is for instance the case if rapid drug dissolution is followed by slow
drug diffusion through a polymeric network. Also, if a matrix forming material starts
to degrade only after complete drug exhaust, then degradation is not involved in the
control of drug release, and there is no need to consider it in a mathematical model
quantifying drug release.

Diffusional mass transport is of fundamental importance for numerous processes
in the body and nature in general. Adolf Eugen Fick (1829-1901) was the first to
describe this very important phenomenon in a quantitative way. His historical
contribution, published in 1855 and titled “Ueber Diffusion” (translated from
German: “About Diffusion”) in Poggendorff’s Annalen der Physik [1], is translated
into English in ref. [2]. The basic idea is that a solute diffuses from regions of higher
concentration to adjacent regions of lower concentration. Considering diffusion in a
single direction, x, Fick’s First Law (FFL) relates diffusion flux, J (mass flow per
unit area) to the gradient in solute concentration, ¢, according to

dc
J= —Da, (6.1)

where D is the diffusion coefficient, or diffusivity. Assuming that the solute is
neither created nor consumed during the process, the local change in concentration
with time in a thin sliver of solution between points x and x + dx is determined by
mass balance according to the difference in flux into the sliver at x and out at x + dx.
As this sliver becomes infinitely small, this mass balance can be written as

dc  0J

5= (6.2)

Combining (6.1) and (6.2) we arrive at Fick’s second law, also known as the
diffusion equation

oc 0 oc

i ED (&) . (6.3)

Considering all three spatial dimensions, x, y, and z, and allowing the diff-
usion coefficient to vary with position, time, and/or solute concentration (6.3)

generalizes to:
oc 0 Oc 0 dc 0 Oc
5_5<D§>+a_y(Da_y)+E(DE>' (64

These forms can be simplified if the diffusivity is independent of time, space, and
concentration. For example (6.3) becomes
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dc Pc
% D R (6.5)

The diffusion equation can be solved when initial and boundary conditions are
specified. In this chapter, we explore analytical solutions of the diffusion equation
that are applicable to controlled drug release systems. The initial condition refers to
the initial drug distribution in the system, before the release process commences.
Boundary conditions refer to the conditions at the drug delivery system’s
boundaries during drug release; these specify drug concentrations or concentration
gradients at the device’s surfaces. The term “analytical solution” refers to an
explicit mathematical expression satisfying the diffusion equation, along with the
prescribed initial and boundary conditions. The analytical solution is used to
calculate drug release from the delivery system as a function of time.

An extensive collection of analytical solutions of Fick’s second law of diffusion
for different geometries and initial and boundary conditions is provided by Crank
[3]. If the analytical solution for a specific type of drug delivery system with its set of
initial and boundary conditions cannot be found in Crank textbook [3], an analogous
expression for heat transfer might be found in the book of Carslaw and Jaeger [4].
Only a handful of basic analytical solutions of Fick’s law of diffusion allowing for
the quantitative description of drug release from specific types of delivery systems
are included in this chapter. In all these cases, constant diffusion coefficients are
considered. For more complex systems, the reader is referred to Crank [3], Carslaw
and Jaeger [4], Vergnaud [5], Cussler [6], and Singh and Fan [7].

For delivery systems with time, position and/or concentration dependent diffusion
coefficients, generally no analytical solution of Fick’s law is available. The same is
true for devices with complex shapes. In these cases, numerical techniques can be
used to calculate mass transport. The basic idea is to make some approximations, e.g.,
replacing derivatives by finite differences calculated on a space and/or time grid.
The resulting equations can be solved on a computer, but error due to discretization is
introduced. To limit the importance of this error, the time and space steps need to be
small, resulting in a significant number of required calculation steps. However,
nowadays such numerical solutions can be calculated very rapidly and accurately
using a standard personal computer. Numerical packages which utilize finite
differences or the finite element method are available for calculations based on
Fick’s law, with suitable initial and boundary conditions.

Depending on the inner structure of the drug delivery system and its initial drug
loading compared to the drug’s solubility, four major types of devices can be
distinguished, as illustrated in Fig. 6.1 [8]. While these devices can be realized in
many geometries, spherical systems are presented as examples. If the drug and the
release rate controlling material (often a polymer) are separated according to a
core—shell structure, the drug being located in the center and the release rate
controlling material forming a membrane surrounding this drug depot, then the
device is called a “reservoir system.” On the contrary, if drug is more or less
homogeneously distributed in a continuous matrix formed by the release rate
controlling material, or matrix, the device is called a “monolithic system.”
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Fig. 6.1 Classification scheme for predominantly diffusion-controlled drug delivery systems
according to their physical structure and initial drug loading. Stars indicate molecularly dispersed
(dissolved) drug molecules. Black circles represent nondissolved drug excess (e.g., drug crystals).
Adapted from ref. [8]

Reservoir systems can be further classified as having either a “nonconstant
activity source” or a “constant activity source.” In the first case, drug concentration
in the reservoir is below its solubility. Thus, drug molecules that are released across
the membrane are not replaced, and the drug concentration at the inner membrane’s
surface decreases with time. In reservoir systems with a constant activity source, an
excess of drug is provided in the depot and released drug molecules are rapidly
replaced by dissolution of the remaining nondissolved drug excess. Consequently,
the drug concentration at the inner membrane’s surface remains constant as long as
drug is present in excess. When the reservoir’s drug concentration falls below solubil-
ity, the reservoir becomes a nonconstant activity source.

Similarly, two subtypes of monolithic systems can be distinguished according to
the initial drug loading:drug solubility ratio. In monolithic solutions, the initial drug
loading is below drug solubility and the drug is dissolved in the matrix. In monolithic
dispersions, the initial drug loading is above drug solubility and the drug is partially
dissolved (molecularly dispersed, stars in Fig. 6.1), the remainder being dispersed in
the form of solid drug crystals and/or amorphous particles (black circles in Fig. 6.1)
throughout the system. Drug can diffuse out of the device only after it is dissolved.

In the following sections, each of the four cases is treated in more detail. We note
that this classification does not include all diffusion controlled systems, however.
For example, a slightly more complex formulation is a monolithic system containing
dissolved and/or dispersed drug, surrounded by a release-rate controlling membrane.
Treatment of such a system is possible but will be more complicated.
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6.2 Reservoir Devices

Upon contact with aqueous body fluids water penetrates into the dosage form and
dissolves drug. If all drug is rapidly dissolved, the system acts as a reservoir device
with a nonconstant activity source. If only part of the drug is dissolved due to limited
solubility, the dosage form acts as a reservoir device with a constant activity source.
Note that the relevant solubility is that of the drug in the wetted depot at body
temperature, not the drug’s solubility in the pure release medium or the drug solubil-
ity in the dry depot. In practice, it is often difficult to know the exact drug solubility in
the system’s core upon water penetration at 37°C and caution should be paid, since
dissolution of other core compounds (e.g., sucrose and acid) might significantly affect
the solubility of the drug [9, 10]. However, the ratio of the initial drug loading to drug
solubility in water at 37°C can give a good first indication.

Once dissolved, drug molecules diffuse out through the release rate controlling
membrane, due to the concentration gradient across the membrane. Thus, three
mass transport processes occur in series: (1) water diffusion, (2) drug dissolution,
and (3) drug diffusion. Often, drug diffusion is much slower than the other steps and
is therefore rate controlling, and the mathematical description of drug diffusion
through the membrane is sufficient to characterize release. This simplification is
often acceptable, but not always [11]. In this chapter, drug diffusion is considered to
be the slowest process.

6.2.1 Nonconstant Activity Sources

The conditions for drug diffusion through the release rate controlling membrane
of a reservoir device with a “nonconstant activity source” are illustrated in Fig. 6.2.
In the surrounding bulk fluid, perfect sink conditions are considered, meaning that

constant perfect sink constant perfect sink constant perfect sink

> >

C,.., decreases with time

Fig. 6.2 Reservoir devices with a nonconstant activity source: schematic presentation of the
conditions for drug diffusion through the release-rate controlling membrane surrounding the
drug reservoir. Stars indicate molecularly dispersed (dissolved) drug molecules; c;,,. denotes
the drug concentration at the inner membrane’s surface. The membrane thickness and permeability
are considered to be time-independent
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the drug concentration in the surrounding bulk fluid is negligible at all times. Thus,
already released drug does not significantly slow down the release of drug still
remaining in the dosage form. The mathematical treatment of drug release under
nonsink conditions is more complex and the reader is referred to Crank [3] or Fan
and Singh [7] for more details. In Fig. 6.2, stars represent dissolved (molecularly
dispersed) drug molecules in the wetted system core. If the release rate controlling
membrane does not significantly swell or shrink, does not dissolve, and does not
significantly change in drug permeability during the release period, then the
length of the diffusion pathway to be overcome (membrane thickness) is time-
independent and the apparent diffusion coefficient of drug in the membrane
remains constant.

When the membrane is very thin compared to other dimensions of the device, the
“film” approximation is useful. In this case, the amount of drug transported through
the membrane can be quantified according to Fick’s law as follows:

M, ADKt

where M, and M, denote the cumulative amounts of drug released at times ¢ and
infinity (release completed), respectively, A is the total surface area of the device, D
is the diffusion coefficient of the drug within the membrane, V is the volume of the
reservoir, K is the partition coefficient of the drug between the membrane and the
reservoir, and L is the thickness of the membrane. Thus, drug release follows first-
order kinetics.

For a spherical reservoir surrounded by a thin membrane,
My exp [— _3DKRo ] , (6.7)
M (R, — R;) X R?

where R; and R, are the inner and outer radii of the device. This expression results
from substituting L = R, — R;, A = 47R?, and V = (4/3)nR; into (6.6).

A practical example of a reservoir dosage form with a nonconstant activity source
is illustrated in Fig. 6.3. The system consists of diltiazem HCl-layered beads, which
are coated with a 90:10 blend of ethylcellulose and poly(vinyl alcohol)-poly
(ethylene glycol) graft copolymer [12]. Diltiazem HCI is freely water soluble and
the polymer coating does not significantly swell or shrink during drug release. In
coated dosage forms attention must be paid to potential crack formation that might
occur during drug release. Osmotically driven penetration of water into the system
can lead to a significant internal hydrostatic pressure acting against the release rate
controlling membrane. If the latter is too fragile to withstand this pressure, crack
formation occurs [13] and drug diffusion occurs both through the cracks and the
remaining intact film coating. The internal hydrostatic pressure might also lead to
significant convective drug transport through the newly created channels, i.e., a
“pushing out effect” [14]. Presence of high amounts of freely water soluble
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Fig. 6.3 Example for a predominantly diffusion-controlled drug delivery system of the reservoir
type with a nonconstant activity source: diltiazem HCl-layered beads coated with a 90:10 blend of
ethylcellulose and poly(vinyl alcohol)-poly(ethylene glycol)-graft copolymer: (a) SEM picture of
a pellet’s surface after 2 h exposure to 0.1 N HCI (sugar core), (b) changes in the size of single
pellets (n = 3) upon exposure to 0.1 N HCI (sugar cores), and (c) theoretically predicted (curve)
and experimentally confirmed (symbols) drug release kinetics in 0.1 N HCI (reprinted from
ref. [12] with permission)

compounds (drugs and/or excipients) in the core, or poor mechanical stability of the
film coating, increases the probability of crack formation. The full mathematical
description of mass transport in these systems is complex and beyond the scope of
this chapter.

Various experimental techniques have been used to determine whether crack
formation occurs during drug release. For example, scanning electron microscopy
(SEM) can be very helpful. However, great care must be taken with respect to potential
artifact creation. If the membrane takes up significant amounts of water, structural
changes of the system during drying in preparation for SEM must be avoided.
Figure 6.3a shows examples of SEM pictures, illustrating diltiazem HCl-layered
sugar cores coated with 90:10 ethylcellulose—poly(vinyl alcohol)-poly(ethylene
glycol)-graft copolymer after 2 h exposure to 0.1 N HCI. No evidence of crack
formation is visible in these pictures.

Changes in pellet size during drug release might also indicate occurrence
or absence of crack formation in the film coating. A steadily increasing pellet
size can be indicative of penetration of significant amounts of water into the
system. Subsequent abrupt and rapid decrease in pellet size would suggest crack
formation [13] and pressure driven ejection of fluid from the device. If, on the
contrary, the system size remains nearly constant during the observation period,
this might serve as an indication for the absence of crack formation. Caution must
be paid, however, since nonflexible membranes can crack without any prior
significant increase in system size and without significant “pushing out” and
shrinkage effect. The combination of different techniques, including SEM and
monitoring of system dimensions, is, therefore, highly recommended to minimize
the risk of erroneous conclusions.

Changes in size of individual diltiazem HCI loaded pellets upon exposure to
0.1 N HCI are illustrated in Fig. 6.3b. As can be seen, no significant changes were
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observed over the time course of this study. It is important that the sizes of single
coated reservoir devices, instead of the mean size of an ensemble of devices, are
tracked through time, since increasing and decreasing sizes of single systems might
compensate each other. These observations provide support for the presence of an
intact film coating, which controls drug release predominantly by diffusion.

To verify this hypothesis, the theoretically predicted drug release kinetics was
calculated using (6.7). The curve in Fig. 6.3c shows the theoretically predicted
release rate of diltiazem HCI from pellets coated with 90:10 ethylcellulose:poly
(vinyl alcohol)-poly(ethylene glycol)-graft copolymer blends. The reservoir was
considered to be a “well stirred” compartment, and the effects of excipients
including sugar, microcrystalline cellulose (MCC) and a ‘“sealed” sugar core
(sucrose starter core coated with ethylcellulose in this case) were not considered.
The symbols represent the independent, experimentally measured drug release
kinetics from three types of pellets, consisting of: (1) a sugar, MCC or sealed
sugar bead as starter core (as indicated in the diagram), (2) a diltiazem HCI layer,
and (3) an ethylcellulose:poly(vinyl alcohol)-poly(ethylene glycol)-graft copoly-
mer coating. Reasonable agreement is observed between the theoretical prediction
based on a simple first order equation and the independent experiments.

The experimentally observed lag time for drug release seen in Fig. 6.3c might be
explained at least partially by the time needed for water to penetrate into the system,
the fact that the film coating might be initially free of drug, and/or hindrance of drug
diffusion due to osmotically driven water influx. The type of starter core does not
very much affect the resulting drug release kinetics in this case.

Using (6.7), the impact of formulation parameters such as the film coating
thickness and pellet size can be predicted. If a quantitative relationship between
the apparent drug diffusivity in the membrane and the latter’s composition is
available (see Sect. 6.4), then the effects of the coating’s formulation on drug
release can also be quantitatively predicted.

6.2.2 Constant Activity Sources

Figure 6.4 depicts drug diffusion through a membrane surrounding a drug reservoir
containing a significant excess of undissolved drug, which provides a constant
activity source. Stars represent dissolved drug molecules and black circles represent
nondissolved drug excess, e.g., drug crystals or amorphous drug particles. Not all of
the drug can be dissolved upon water penetration into the core due to the limited
solubility of the drug. Consequently, a saturated drug solution is provided at the
membrane’s inner surface as long as nondissolved drug excess is present in the
depot. Drug molecules that are released through the membrane are rapidly replaced
by the compensating dissolution of the drug excess. (As discussed above, drug
dissolution is considered to be fast compared to drug diffusion in these cases.)
If perfect sink conditions are provided in the surrounding bulk fluid, this leads to a
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Fig. 6.4 Reservoir devices with a constant activity source: schematic presentation of the
conditions for drug diffusion through the release-rate controlling membrane surrounding the
drug reservoir. Stars indicate molecularly dispersed (dissolved) drug molecules, black circles
represent nondissolved drug excess (e.g., drug crystals), and c¢;,,,., denotes the drug concentration
at the inner membrane’s surface (saturation concentration) as long as drug excess is provided.
The membrane thickness and permeability are considered to be time-independent

constant drug concentration difference between the inside and outside of the device.
If in addition the dimensions and composition of the membrane do not change
during drug release, the concentration gradient of drug inside the membrane is
constant, and drug is released at a constant rate, i.e., with zero-order release
kinetics. According to geometry, one of the following equations can be used:

dM, ADK.
Slab (thin film with negligible edge ffects) :  —* = Tc (6.8)
dM; 4nDKceR,R;
Sphere : ot — TTPRGNOH 6.
PRETE = 4 Ry —R; 6.9)
dM, 27HDKc,
Cylinder : r_ ot ¢ (6.10)

“dr  In(Ro/Ry)’

where c; is the concentration of saturated drug solution in the reservoir. In (6.10) R;
and R, are the inner and outer radii, respectively, and H is the length of the cylinder.

A practical example of a reservoir device with a “constant activity source” is
illustrated in Fig. 6.5. The system consists of spherical theophylline matrix cores
coated with a 85:15 ethylcellulose:poly(vinyl alcohol)-poly(ethylene glycol)-graft
copolymer blend [15]. Again, it is important to know whether or not crack formation
occurs during drug release. As can be seen in Fig. 6.5a,b, there is no evidence for
crack formation, either from SEM pictures taken 2 h after exposure to 0.1 N HCI, or
from monitoring the size of single pellets upon exposure to the release medium.
Clearly, the resulting release follows near-zero order kinetics over 8 h (Fig. 6.5¢),
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Fig. 6.5 Example for a predominantly diffusion-controlled drug delivery system of the reservoir
type with a constant activity source: theophylline matrix cores coated with a 85:15 blend of
ethylcellulose and poly(vinyl alcohol)-poly(ethylene glycol)-graft copolymer: (a) SEM picture of
a pellet’s surface after 2 h exposure to 0.1 N HCL. (b) Changes in the size of single pellets (n = 3)
upon exposure to 0.1 N HCI. (¢) Drug release kinetics from single pellets (thin curves, n = 6) and
an ensemble of pellets (thick curve) in 0.1 N HCI (reprinted from ref. [15] with permission)

as expected for a reservoir device with a constant activity source. Release profiles
from single pellets are very similar to the release profile from the ensemble of
pellets, indicating that the underlying drug release mechanisms are likely to be the
same and that the interpellet variability of film coating thickness is small.

In other systems, drug release from individual units of a multiparticulate dosage
form might differ substantially [16]. The release rates of all individual dose units
might eventually sum up to a more or less constant release rate of the ensemble of
dose units. When developing multiparticulate dose forms (e.g., coated pellets or
minitablets), drug release from single units should be monitored to minimize the
risk of erroneous conclusions regarding mechanism.

Zero-order release from a reservoir device with constant activity source occurs
when a steady state drug concentration profile exists in the rate controlling mem-
brane. For a thin film this profile will be linear, as illustrated in Fig. 6.6 by the black
curves. (For simplicity, a partition coefficient of 1 between the membrane and the
reservoir is assumed.) In practice, steady state might be more or less rapidly reached
and deviations from zero order release kinetics might be observed at early time
points. For example, significant amounts of drug might diffuse into the membrane
during long term storage. In the extreme case, the membrane is saturated with drug.
Upon exposure to the release medium the real concentration gradient at the
system’s surface is steeper than the gradient at steady state (red versus black curves
in Fig. 6.6), resulting in higher initial drug release rates. This phenomenon is called
the “burst effect.” After a certain time, steady state is reached and zero-order release
is observed (i.e., the red and black cumulative drug release curves become parallel).
The extent of such a burst effect depends on the type of drug, and the type and
thickness of the membrane.

By contrast, immediately after coating of the dosage form, the release rate
controlling membrane will be essentially free of drug (green curve in Fig. 6.6).
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Fig. 6.6 Schematic presentation of burst and lag-time effects potentially observed with predomi-
nantly diffusion-controlled drug delivery systems of the reservoir type (in this example with a
constant activity source): the steady state case (marked in black) represents the expected zero-
order kinetics. In the case of a burst effect (marked in red), drug diffused into the membrane to a
significant extent during storage. In the case of a lag time (marked in green), the membrane is
initially free of drug

Hence, the concentration gradient at the system’s surface is initially lower than in
the steady state and the initial drug release rate is lower (green versus black
curves). After a time lag, drug concentration gradient reaches steady state, release
rate is constant, and the cumulative drug release curve is parallel to the others in
Fig. 6.6.

For thin film coated devices with membrane surface area A, the following
equations can be used to calculate the cumulative amounts of drug released at
time ¢, M,, once steady state is reached:

Lag — ti ¢ a, — AKDes (L 6.11)
ag — time systems : = ——. .
g—u Yy t 17 6D

AKDc L?
Burst effect systems : M, = 7 G (t + 3_D) (6.12)

An interesting aspect of these relations is that while steady state release depends on
both partition and diffusion coefficient, the burst or lag time parameters depend
only on the diffusion coefficient. If the membrane film thickness is well determined,
then accurate measurements under burst or lag conditions enable the diffusion
coefficient to be estimated. Other techniques for estimating the diffusion coefficient
of drug in the membrane are presented in Sect. 6.4.
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6.3 Monolithic Devices

In monolithic devices, drug is dissolved or dispersed thoughout the release
controlling matrix. According to the ratio “initial drug loading:drug solubility,”
monolithic solutions and monolithic dispersions can be distinguished. Drug solu-
bility in the wetted monolith at body temperature is decisive, as discussed above for
reservoir systems.

6.3.1 Monolithic Solutions

Figure 6.7 illustrates monolithic solutions of different geometries: thin slabs with
negligible edge effects, spheres, and cylinders. These geometries cover many
pharmaceutical dosage forms. Stars represent dissolved drug molecules. Initial
drug distributions are assumed to be homogenous in all cases and perfect sink
conditions are assumed throughout release. Fick’s second law of diffusion can be

Cumulative drug release

perfect sink

M 8o 1 [-D(zmlf;ﬁ]

e - :
M S (2n+1) L

perfect sink

M, 61 Dn*z’t
Monolithic solutions =1-= Z —exp| — =

S

Toan

perfect sink

¢l

3 ;):m[,mmj

Fig. 6.7 Drug release kinetics from diffusion-controlled delivery systems of the “monolithic
solution” type with different geometry: thin films with negligible edge effects, spheres, and
cylinders (with radial and axial diffusion). Stars indicate molecularly dispersed (dissolved) drug
molecules. The equations represent analytical solutions of Fick’s second law of diffusion consid-
ering the given initial and boundary conditions and allowing for the quantification of the cumula-
tive amounts of drug released as a function of time. The variables are explained in the text
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solved considering these initial and boundary conditions, leading to the following
expressions for the fraction of drug released at time 7, M;/M:

—D2n+ 1’72t
( o ) ] , (6.13)

M, 8 x|
Slabs:  ——=1-—>" >
M T n:0(2n+1)

where L is the thickness of the slab and release is assumed to occur from both faces
of the slab. The slab is assumed to be sufficiently thin that release through its edges
is negligible.

M, Dn’n
Spheres: —=1— = Z exp( ) (6.14)

C)O

where R the radius of the sphere.

Cylinders:

M 32X 1 2 s 1 2p + 1)*m2
ST very (R V% B @ BUNL PR JC A Ky
M 2 q> R? 2p+1) H?

n=1 p=0

I

(6.15)

where R and H denote the radius and height of the cylinder, n and p are summation
indices, and ¢, is the n’s root of the zero-order Bessel function of the first kind
[Jo(gn) = 0]. The last expression is valid when release is permitted in both the
radial direction and through the ends of the cylinder.

Simple but accurate approximations, listed below, can be used in place of infinite
series during the early and late stages of drug release:

M Dt
Thin slabs, first 60% of drug release: M—:c =1 Iz (6.16)

~

M 8 2Dt
Thin slabs, last 60% of drug release: M— =1-— xp( 722 ) (6.17)

Figure 6.8 illustrates all three solutions: the exact one [black curve (6.13)], the early
time approximation [dotted curve (6.16)] and the late time approximation [dashed
curve (6.17)]. The approximations are valid provided the slab is very thin, and
release through edges can be neglected.
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Fig. 6.8 Drug release from monolithic solutions exhibiting film geometry with negligible edge
effects under perfect sink conditions: analytical solution [solid curve (6.13)], early time approxi-
mation [dotted curve (6.16)] and late time approximation [dashed curve (6.17)]

M, Dt 3Dt
Spheres, first 40% of drug release: Zw—oto =6 Re R (6.18)
M 6 —n2Dt
Spheres, last 40% of drug release: M—:o =1- =) X exp (7;—2) (6.19)
M Dt Dt
Cylinders, first 40% of drug release: M—:o =4 RZ R (6.20)

M 5.784D¢
Cylinders, last 40% of drug release: M—’ =1-0.6196 x exp(— T)

(6.21)

The approximate expressions for cylinders apply when release is mostly in the
radial direction and axial release through the ends can be ignored.
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Fig. 6.9 Schematic presentation of: (a) a thin ointment film/matrix system containing finely
dispersed drug and being exposed to perfect sink conditions and (b) the drug concentration—
distance profiles within the film during drug release, considered for the derivation of the Higuchi
equation (6.22)

6.3.2 Monolithic Dispersions

In the case of monolithic dispersions, a fraction of the drug is dissolved in the
matrix and the remainder is dispersed in the form of crystalline and/or amorphous
particles (nondissolved drug). Only dissolved drug is available for diffusion, but it
can be rapidly replaced by dissolution of neighboring solid drug, where available.
The exact mathematical treatment of this type of drug delivery system is rather
complex and the reader is referred to the literature for details [7, 17-19]. A simple
and accurate solution is available, however, for thin slabs (release through both
faces and negligible edge effects) initially containing a large initial excess of drug
(Fig. 6.9a). This is the celebrated Higuchi equation [20], according to which

M, = 2A+\/(2co — cs)csDr, (6.22)

where ¢ is the initial total concentration of drug, dissolved and undissolved, in the
monolith and ¢y is the solubility of drug in the monolith’s matrix material under the
conditions encountered upon administration. [The Higuchi equation was initially
developed for ointment bases containing finely suspended drug. For ointments
spread over the skin, the prefactor 2 is dropped, as in (3.10)].

The derivation of the Higuchi equation rests on a few simple assumptions.
Initially, dissolved drug is at concentration ¢ throughout the monolith and excess
undissolved solid drug is at concentration ¢y — cs. At the first stage, dissolved drug
at and near the surface is released, but it is immediately replaced by neighboring
solid drug. This “store” of excess drug is rapidly depleted at the surface, however.
In the next stage, dissolved drug that is initially a little further inside diffuses out,
also to be replaced by its local solid excess, which is then depleted. With subsequent
similar stages, a “moving front” of dissolution is established inside the monolith, as
illustrated in Fig. 6.9b. At a given time, this front separates the monolith into a core
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containing both dissolved and solid drug and a peripheral layer containing only
dissolved drug. Since dissolution is rapid, drug concentration is ¢, at the moving
front. Assuming release is into a perfect sink, drug concentration is zero at the edge
of the device. To make further progress, Higuchi assumed that the front moves
slowly enough that a linear concentration profile of dissolved drug, similar to the
profile that would be assumed at steady state, is maintained in the peripheral layer.
Release from the monolith is due to diffusion of dissolved drug down this concen-
tration gradient, and drug release is matched at a given time by further dissolution
and movement of the front. This sequence of events is illustrated in Fig. 6.9b, where
the concentration profile at one time, given by the solid line, is followed at a later
time by the profile depicted by the dashed line. Equation (6.22) results from these
assumptions, and noticing that the total amount released at a given time (solid line)
is given by the area of the stippled trapezoid in Fig. 6.9b.

The Higuchi equation is most applicable when (1) the initial drug concentration
is much higher than drug solubility (c¢s/co < 1), (2) perfect sink conditions are
maintained throughout the experiment, (3) the slab is thin, so edge effects are
negligible, (4) the suspended drug is in a fine state, with particles much smaller in
diameter than the thickness of the slab, (5) swelling or dissolution of the slab matrix
is negligible, and (6) diffusivity of the drug in the matrix is constant. When the first
condition is not satisfied, more precise expressions are available [18, 19], but the
error in predicting cumulative release from a slab using the simple Higuchi equa-
tion is at most 13%. A simple fix, which brings error down to less than 0.5% in all
cases, is offered by Bunge [21]

M _ 2\/ <2 —0.727 C) <C) (Dt) (6.23)
Moo Co Co L?

When other conditions are not satisfied, more detailed computational methods
are typically needed to properly model release. Finally, it should be noted that the
assumption of rapid dissolution of drug from suspended particles may not always be
correct, and Frenning has considered the case where the kinetics of dissolution at
particle surfaces is a contributing factor [22].

The Higuchi equation has been extended to other geometries. We present here
solutions, valid for ¢;/cy < 1, for slabs, spheres, and cylinders (only radial release
considered) [17, 19], in terms of fraction released, M;/M

M, cs\ [cs\ Dt L? (¢
Slab (two faces): —=2,/(2-=)(2)5, 0<i<=—(2). (624
ab (two faces) M \/( Co) (Co) 2 <1<gp (Cs> (6.24)
MNP 2/ M, ¢\ Dt R% (¢
here: [1— (1——C —S(2L) =2(2) =5 r< —(2).
Sphere [ ( MDO> 3\ o) 2 <ol

(6.25)
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yHncet Moc+( Moc> “( Moc) (CO)RZ’ <<\

(6.26)

The upper time limits correspond to points where the moving dissolution front(s)
reaches the center of the device, and only dissolved drug remains. Afterwards,
infinite series expressions are needed to describe release. Typically, this amounts to
a very small part of the release process, especially when ¢;/cy < 1. Notice that
M, /M is an implicit, not explicit function of ¢ for the sphere and the cylinder. It is
simple, however, to plot M,/M, versus t by letting M,/M, run from 0 to 1, and
determining the corresponding values of t.

The Higuchi equation has also been extended to consider porous structures, as
discussed in Chap. 9.

6.4 Determination of Diffusion Coefficients
and Other Parameters

The models of controlled released described in this chapter include the diffusion
coefficient, partition coefficient, and drug solubility (in a reservoir or in a matrix),
as parameters. These physicochemical quantities depend on the drug and the
membrane or matrix material and may also vary with temperature and hydration
of the material. The other important parameter is the system size (thickness for a
slab, radius for a sphere, and radius and height for a cylinder). System geometry and
size are set by the formulator.

The literature on determining the physicochemical parameters is extensive, and
we focus here on simple techniques.

6.4.1 Solubility and Partition Coefficient

Solubility is a thermodynamic property of drug and its surrounding medium.
It should be measured at the relevant temperature (usually body temperature), and
with the medium saturated by relevant body fluid or a simulated body fluid such as
phosphate buffered saline.

A simple way to determine solubility of drug in a liquid medium is to disperse an
excess of solid drug, preferably prepared as a fine powder, in the liquid and agitate
the dispersion at the relevant temperature. At various times, the dispersion is
removed and solid drug is removed by centrifugation and/or filtration. Concentra-
tion of the remaining dissolved drug will increase with time until it reaches a
plateau, which can be taken as the saturation concentration, or solubility.
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To determine solubility of a drug in the material constituting the membrane or
release matrix, thin samples of the material, of uniform volume, can be added to the
liquid dispersion. Following agitation, samples are removed at different times and
quickly washed to remove excess drug on the surface. The drug is then extracted
from a given sample and assayed. When the amount of drug assayed divided by
volume of the material sample reaches a constant value, this ratio is taken as the
solubility of drug in the material.

The partition coefficient, which is also a thermodynamic quantity, is estimated
as the ratio of drug solubilities in the membrane/matrix material and the release
medium. It can also be estimated by equilibrating the material samples with
subsaturated drug solutions, and measuring the ratio of concentration of drug in
the sample to the concentration of drug in the release medium, both measured after
equilibrium has been reached. An elaboration of this technique is discussed below.

6.4.2 Diffusion Coefficient

The diffusion coefficient of drug in the matrix material is a measure of the mobility
of drug in the material. In recent years, sophisticated tools such as pulsed field
gradient NMR and fluorescence recovery after photobleaching (FRAP) have been
developed to measure diffusivities [23—26]. However, the required equipment is
generally expensive and special skills are required for data analysis. Also, these
techniques require that drug molecules be deuterated (NMR) or fluorescently
tagged (FRAP) so that they can be distinguished from the background medium.
If the partition coefficient of a drug in a membrane is known, then the diffusion
coefficient of that drug in the membrane can be determined from the steady state
rate of drug permeation across the membrane in a side-by-side diffusion cell [27],
using (6.8). If the membrane is drug-free at the beginning of the permeation
experiment, then D and K can be determined simultaneously from the time lag
expression (6.11).

A simple alternative is to measure drug release kinetics from a thin film with an
initially homogenous and subsaturated drug distribution (monolithic solution) into a
well stirred release medium that provides perfect sink conditions. Figure 6.10
schematically shows such a setup. The film should be sufficiently thin that edge
effects are minimal. Also, the film must not be soluble in the release medium, and
film floating or folding during the experiment must be avoided, assuring that the
entire film surface is always completely exposed to the bulk fluid. Thin films
can often be rapidly prepared by casting or spraying drug—polymer solution onto
a surface, followed by solvent evaporation. Release periods are generally short,
e.g., 8 h, when using very thin films. Drug loading should be very low to assure
complete drug dissolution in the system and to avoid changes in the film properties
due to drug release, e.g., by creating cavities. Ideally, initial drug content should not
exceed 0.5% of the total film weight. Under these conditions release kinetics are
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Fig. 6.10 Tllustration of an experimental method allowing for the determination of apparent drug
diffusivities in polymeric systems: drug release from a thin film with negligible edge effects and
homogeneous, molecular distribution (monolithic solution) is measured under perfect sink
conditions. Depending on whether the mass transfer resistance within the liquid, unstirred bound-
ary layer at the film’s surface is of importance or not, one of the two analytical solutions of Fick’s
second law indicated in the diagram can be applied

described by (6.13), provided film thickness does not change substantially with
time. This proviso can be checked by measuring film thickness before and after
release. Fitting (6.13) to sets of experimentally measured drug release kinetics from
thin films allows for the determination of the apparent diffusion coefficient of the
drug in the respective system. Figure 6.11 shows an example of such a fit. The drug
is theophylline, and the film is based on ethylcellulose, plasticized with 17.5%
tributyl citrate. The drug-loaded film was exposed to well-agitated phosphate buffer
pH 7.4 at 37°C [28]. Ideally, the entire drug release period is covered by at least 12
experimental data points. As it can be seen in Fig. 6.11, good agreement between
theory and experiment was obtained in this example. The determined apparent
diffusion coefficient in this case was equal to 1.2(£0.1) x 1071% cm?/s.

It should be noted that unstirred boundary layers are neglected in the derivation
of (6.13). To be more accurate, a boundary layer mass transfer coefficient,
illustrated in Fig. 6.10 in grey should be included in the release kinetics equation.
The mass transfer coefficient, which we denote by % (cm/s), depends on the
partition coefficient of drug between release medium and the matrix, and the
unstirred layer thickness, which in turn depends on the rate of agitation of the
release medium. In the presence of significant external mass transfer resistance, it
can be shown that

Mo iz—Gz x exp(—p>Dt/L?) (6.27)
Mo, —~ B2(B:+ G* +G) " ’ '
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Fig. 6.11 Example for the determination of an apparent drug diffusivity in a polymeric system:
Fitting of an appropriate analytical solution of Fick’s second law (6.13) (curve) to the experimen-
tally measured release of theophylline from thin ethylcellulose films, plasticized with 17.5%
tributyl citrate in phosphate buffer pH 7.4. Reprinted with permission from ref. [28]

where the f,,s are the positive roots of
ptan i = G, (6.28)
with

Lh
G="1. (6.29)

In practice, the mass transfer resistance due to diffusion within polymeric films
used to control drug release is often much higher than the mass transfer resistance
provide by the liquid unstirred boundary layers in well-agitated release media
in vitro, and (6.13) can be used without introducing a significant error. To be certain,
it is helpful to measure drug release from the thin films at different agitation speeds:
if beyond a certain agitation speed no significant impact is observed on release
kinetics, then the data gathered at that speed can be fitted to (6.13). (Note: conditions
for drug release in vivo might be different and the presence of liquid unstirred
boundary layers might be of importance. For drug diffusivity determination,
however, the release medium should be well agitated.)

Both (6.13) and (6.22) assume that drug release is into a perfect sink, with
essentially zero drug concentration. This condition is well approximated if the
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release medium is exchanged sufficiently rapidly to preserve sink conditions, or if
the volume of the release medium is so large that drug concentration in the medium
is negligible. If release is into a constant volume without exchange, then the
analysis must be modified to take into consideration that perfect sink conditions
do not hold. In the absence of mass transfer resistance, release from a slab into
medium with volume V of drug is given by Crank [3] as

>~ 20
—Dqt/L? :
Zl — +O€2 5exp(=Dat/L?), (6:30)

n=1

where the g,s are the positive roots of

tang = —ogq, (6.31)
with

o =V/KAL. (6.32)

This last parameter is equal to the ratio of the amounts of drug in the release
medium and that remaining in the slab at equilibrium. For large values of o,
virtually all drug is released and (6.13) holds.

In principle (6.13) and (6.30) can be used to simultaneously estimate the drug’s
diffusion and partition coefficients, since both parameters impinge on the shape of the
release curve. Conversely, these parameters can be measured by introducing a drug-
free slab into a subsaturated drug medium and measuring the kinetics of drug uptake
by the slab, which is readily monitored by assaying the drop in concentration in the
external medium with time. Once again (6.13) can be used, but now M, /M, refers to
fractional uptake of drug by the slab. More directly, the partition coefficient can be
determined from fraction of drug remaining in the medium, r, according to

1 4

As already indicated, use of (6.13) to determine diffusivity assumes that L is
known and measured. Thus, either the film must not significantly swell, or swelling
must be more rapid than drug diffusion. In the later case, L should be taken as the
measured thickness following release. The diffusion coefficient then refers to drug
in the swollen matrix. If swelling and diffusion processes occur over comparable
time scales, then (6.13) will not be valid.

Using the just described straightforward and inexpensive technique enables rapid
determination of drug diffusivities, and quantitative evaluation of the impact of
formulation parameters is feasible (e.g., using films of different composition).
Figure 6.12 shows some examples. The dependence of the apparent diffusion coeffi-
cient of theophylline in ethylcellulose films has been determined as a function
of the following: (a) type of plasticizer (at a constant plasticizer content of 20%),
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Fig. 6.12 Examples for the dependence of the apparent diffusion coefficient of a drug (theophyl-
line) in a polymeric system (ethylcellulose) on formulation parameters, such as the: (a) type of
plasticizer (20% plasticizer content), (b) the percentage of plasticizer (tributyl citrate), and (c) the
average polymer molecular weight (expressed as the viscosity of a 5% solution in 80% toluene and
20% ethanol, measured at 25°C, in cP, using an Ubbelohde viscosimeter). Reprinted with permission
from ref. [28]

(b) the percentage of plasticizer (in this example tributyl citrate, TBC), and (c) the
average polymer molecular weight (here expressed as the viscosity of a 5% solution
in 80% toluene and 20% ethanol, measured at 25°C, in cp, using an Ubbelohde
viscosimeter: increasing viscosity indicates increasing polymer molecular weight).
Clearly, the type of plasticizer significantly affects the resulting drug diffusivity, due
to different interactions with the polymer chains (Fig. 6.12a). With increasing
plasticizer content, the mobility of the polymer chains increases, and thus the
mobility of the drug molecules increases (Fig. 6.12b). By contrast, with increasing
polymer molecular weight, the degree of polymer chain entanglement increases,
resulting in reduced macromolecular mobility and reduced drug mobility
(Fig. 6.12c).

Knowing the diffusion coefficient of a particular drug in a specific polymeric
system permits quantitative prediction of the resulting drug release kinetics using the
above described equations. Ideally, a quantitative relationship between the diffusion
coefficient and the formulation parameter can be established, either empirically or
using a theoretical model. For example, the following expression correlates theoph-
ylline diffusivity with tributyl citrate content in ethylcellulose films:

D(% TBC) = 0.135 x exp(0.121 x % TBC) x 10~'%cm?/s. (6.34)
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Fig. 6.13 Theoretical prediction (curves) and independent experimental verification (symbols) of
the release of theophylline from microparticles based on ethylcellulose, plasticized with 20%
dibutylsebacate (DBS), dibutyl phthalate (DBP), tributyl citrate (TBC), or diethyl phthalate (DEP).
The diffusion coefficients determined with thin films were used to predict the release kinetics form
the spherical microparticles using (6.14). The data is normalized to the system’s radius. Reprinted
with permission from ref. [28]

Using such correlations, diffusion coefficients can be theoretically predicted for
arbitrary plasticizer contents within the range of validity, reducing the number of
required experiments.

Provided diffusion is the rate limiting process for drug release, drug diffusion
coefficients determined in thin films can also be expected to be valid in delivery
systems based on the same polymer matrix material but of different geometry.
Figure 6.13 shows a comparison of quantitative predictions and experimental
measurements of release of theophylline from spherical microparticles based on
ethylcellulose, plasticized with 20% dibutylsebacate, dibutyl phthalate, tributyl
citrate, or diethyl phthalate. Diffusion coefficients used in the theoretical
predictions [curves in Fig. 6.13 (6.14)] were determined using thin films of the
same composition as the respective microparticles. The good agreement between
theory and independent experiments illustrates the applicability of this diffusivity
measurement technique.

Certain drugs act as plasticizers for specific polymers. In these cases, drug
diffusivity in the polymeric network increases with increasing drug content [29].
Figure 6.14 shows three examples for such systems: metoprolol tartrate, chlorphen-
iramine maleate, and ibuprofen in combination with Eudragit RS [30]. In Fig. 6.14a,
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Fig. 6.14 Examples for drugs acting as plasticizers for certain polymers: (a) Effects of the initial
loading of metoprolol tartrate, chlorpheniramine maleate, and ibuprofen in Eudragit RS films on
the glass transition temperature of the system. (b) Dependence of the apparent diffusion coefficient
of the drug within the film on the initial drug loading. All films were transparent and did not show
any evidence for the presence of drug crystals or amorphous particles. Reprinted with permission
from ref. [30]

the decrease in glass transition temperature of the systems with increasing drug
content is illustrated, whereas Fig. 6.14b shows an increase in apparent diffusion
coefficient of these drugs with increasing drug content. It should be pointed out that
(6.13), which was used to determine these drug diffusivities, was derived under the
assumption of time independent D values. In the case of plasticizing drugs, this
assumption is likely to be not fully fulfilled since drug content is time-dependent
(though perhaps partially be compensated by time-dependent water contents) and
the determined values should be regarded as “time-averaged” diffusivities. Never-
theless, the obtained information can be very helpful in optimizing this type of
controlled drug delivery system and in understanding their mechanism.

6.5 Summary

In this chapter, we discussed modeling of drug delivery from systems in which drug
diffusion is the rate-limiting process. Distinctions were made between reservoir
systems and monoliths, and between systems in which drug is completely dissolved
in the device and those in which an undissolved excess of drug exists. Equations
were presented for ideal device geometries, and it was assumed that important
system parameters were constant. More complex systems might require numerical
investigation. We also showed examples of experiments that can be carried out to
investigate diffusion-controlled drug release. A wealth of literature exists on this
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topic, and this chapter should be regarded more as an introduction than a compre-
hensive description.

Throughout this chapter, we tacitly assumed that all drug incorporated into a
device is available for release. In fact, there are cases where drug may be trapped
inside a device, such that its release will not occur within the time frame of interest,
or over. This may occur if drug is surrounded by impermeable material, or if it is
tightly bound to a component of the device. A fraction of drug molecules might
even degrade before release. More detailed descriptions are required in these cases.
Drug trapping is discussed in Chap. 9, where porous media are considered.
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Chapter 7
Swelling Controlled Drug Delivery Systems

Juergen Siepmann and Florence Siepmann

Abstract This chapter provides an introduction to the physical phenomena, which
can be involved in the control of drug release from swellable delivery systems,
namely, water diffusion, polymer chain relaxation, drug dissolution and diffusion,
as well as polymer dissolution. Emphasis is placed on a mechanistic understanding
of the occurring mass transport processes and on physically realistic mathematical
theories. Several practical examples are given, illustrating the key properties of
swelling-controlled drug delivery systems.

7.1 Introduction

The term ‘“‘swelling-controlled drug delivery system” can be defined in a strict
sense, referring only to devices, in which a swelling step is the only release rate-
controlling phenomenon. Alternatively, the term “swelling-controlled drug deliv-
ery system” can be defined in a broader sense to include devices in which a swelling
step is of importance, but also in which other mass transport processes can play a
role (e.g., drug dissolution, drug diffusion, and polymer dissolution). This broader
interpretation is commonly applied in the literature and also in this chapter.
Often, swelling-controlled drug delivery systems are based on hydrophilic
polymers, such as hydroxypropyl methylcellulose [1-5]. Figure 7.1 illustrates the
key features of polymer swelling: in the dry state (nonswollen state), the polymer
network is dense and the mobility of the macromolecules is very much restricted.
Upon contact with water, the polymer chains “relax,” with two major
consequences: (1) the mobility of the macromolecules significantly increases and
(2) the volume of the system increases. Obviously, the conditions for drug transport
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Fig. 7.1 Schematic
illustration of a
macromolecular network in
the nonswollen state (dense
network structure, low
polymer chain mobility) and
in the swollen state (less
dense network structure, high
polymer chain mobility, and
increased system volume)

non-swollen

swollen

in these two states (nonswollen versus swollen) are fundamentally different, and the
change in physical state of the polymer can be used to accurately control the release
rate of an incorporated drug.

7.2 Drug Release Mechanisms

In order to induce the polymer chain relaxation process, a minimum water concen-
tration is required. The latter is a function of the physicochemical characteristics of
the polymer (e.g., chemical structure of its backbone and potential side chains,
average polymer molecular weight), and temperature. In a dry, nonswollen polymer
network, incorporated drug is not mobile and is effectively entrapped. When the
system comes into contact with aqueous fluids, water diffuses into the device due to
concentration gradient. As soon as the minimum water content required to induce
polymer chain relaxation is achieved at a certain position, the system swells at this
location. Thus, two phenomena occur in a sequence: (1) water diffusion and (2)
polymer chain relaxation. If one of these processes is much slower than the other,
that process controls water penetration kinetics into the device.

Figure 7.2 illustrates an example of a system in which water diffusion into a thin,
polymeric film is dominant [6]. Both surfaces of the film are exposed to the aqueous
bulk fluid. Polymer chain relaxation is assumed to be very rapid and the volume
increase is assumed to be negligible. While these conditions do not hold in many
pharmaceutically relevant polymeric systems, the figure is useful in illustrating the
nature of solvent diffusion. Water concentration is plotted as a function of position
in the film and is scaled such that ““1” indicates a fully swollen polymer network and
“0” indicates a completely dry polymeric network. The curves show the calculated
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water
concentration

I
0 I

film surface center of the film film surface

Fig. 7.2 Diffusion-controlled penetration of a liquid into a thin, polymeric film: concentration—
position profiles of a liquid (e.g., release medium) at different time points within the system. Two
surfaces of the film are exposed to the bulk fluid (/eft- and right-hand side). The profiles have been
calculated using Fick’s second law of diffusion, considering constant diffusion coefficients and
system dimensions (no polymer dissolution, no significant volume increase upon liquid penetra-
tion into the system). Water concentration “1” indicates that the polymeric system is saturated with
liquid. Water concentration “0” indicates that the system is free of liquid. Adapted from ref. [6]

water concentration—time profiles upon exposure to the aqueous bulk fluid. The
applied theory is based on Fick’s second law of diffusion (see Chap. 6) and assumes
that water diffusivity is constant. In this case, the water uptake rate monotonically
decreases with time.

In contrast, if water diffusion into the polymeric network is much more rapid
than subsequent polymer chain relaxation, then water concentration—position
profiles, such as those illustrated in Fig. 7.3, can be observed [6]. In this example,
only one side of the polymeric film is exposed to water. The film is divided into a
swollen region on the left and a nonswollen, dry region on the right, separated by a
narrow swelling zone within which there is a steep gradient in water concentration.
In the swollen region, water diffusion is rapid, and water content is maximal at
every position in that region. In the swelling zone, polymer chain relaxation takes
place, resulting in increased macromolecular mobility and volume expansion. With
time, this swelling zone moves toward the center of the film. If the film is
homogenous, the swelling front moves at a constant velocity, since the conditions
for polymer swelling are time independent: in this case, zero-order uptake kinetics
are observed. If drug is incorporated in such a system, it is generally immobilized
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bulk fluid swollen network swelling non-swollen
7'y zone network

water concentration

film surface position

Fig. 7.3 Polymer relaxation-controlled penetration of a liquid into a thin, polymeric film:
concentration—position profile of a liquid (e.g., release medium) at a given time point within the
system. One surface of the film is exposed to the bulk fluid (left-hand side). Three different zones
can be distinguished inside the film: (1) swollen network (high liquid content, high mobility of
macromolecules and liquid molecules); (2) swelling zone (polymer chain relaxation); and (3)
nonswollen network (low mobility of macromolecules, “free” of liquid). Adapted from ref. [6]

until the surrounding polymer chains undergo chain relaxation. If drug dissolution
and diffusion through the swollen polymeric network are rapid compared to polymer
chain relaxation and swelling front movement, then drug release will be controlled
by swelling and its rate will also be constant. Swelling plus drug diffusion are
schematically illustrated in Fig. 7.4a,b, with crosses representing drug molecules,
which are immobilized in the nonswollen, dry polymeric network, but become
mobile in the swelling zone. Diffusion of drug then occurs down its concentration
gradient in the swollen region.

Peppas and coworkers [7] reported an example of this type of “purely swelling”-
controlled drug delivery system: they studied theophylline release from poly
(HEMA-co-NVP) [poly(2-hydroxyethylmethacrylate-co-N-vinylpyrrolidone)] disks
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Fig. 7.4 Polymer relaxation-controlled release of theophylline from poly(HEMA-co-NVP) disks:
(a) schematic illustration of the polymer chain density and mobility as well as theophylline
(crosses) location and mobility and (b) schematically illustrated liquid concentration—position
profile inside the system. Since polymer chain relaxation is the slowest process, the swelling front
moves inward at a constant velocity. (¢) Experimentally measured drug release kinetics from disks
of different thickness (indicated in the diagram). Adapted from ref. [6]
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into distilled water. The symbols in Fig 7.4c illustrate the obtained experimental
results. As can be seen, the release rate of the drug is nearly constant or zero order
during major parts of the release period, particularly for the thinnest sample. The
relative drug release rate decreased with increasing device thickness because it takes
more time for the swelling front to move throughout the entire system, which is
required for all drug to be released. Moreover, the thicker samples displayed a slight
slowing down of release with time, probably due to drug diffusion becoming increas-
ingly more rate limiting. (Recall from Chaps. 2 and 6 that diffusion is slower at greater
distances.)

Zero order drug release kinetics result if the polymer relaxation process is the
slowest step in the series of physicochemical phenomena involved in the control of
drug release and if the surface area of the swelling front is time independent. The
latter condition is, for example, fulfilled in the case of thin films with negligible
edge effects. When plotting the cumulative amount of drug release versus time, a
straight line is obtained and drug release can be quantified according to the
following equation:

= kt, (7.1)

where M, and M, denote the absolute cumulative amounts of drug released at time
t and infinite time, respectively; k is a rate constant. However, if the dosage form is
sufficiently thick or has a different geometry, e.g., that of a sphere or a cylinder,
then the surface area of the swelling front generally decreases with time. Thus, the
release rate decreases with time, although the underlying drug release mechanism
may still be characterized as “pure polymer chain relaxation control.” It can be
shown that this decrease in surface area with time leads to the following expressions
which fit release kinetics over a substantial portion of the release process:

M
For a cylinder: —L = k% (7.2)
My
M
For a sphere: M—t = kO (7.3)

In a more general form, (7.1)—(7.3) can be written as follows:

M,

M. kt". (1.4)

This power law approximation was introduced into the pharmaceutical field by
Nicholas Peppas to describe drug release from a dosage form. Both the exponent n
and the prefactor k£ depend on dosage form geometry, the relative importance of
relaxation and diffusion, and structural factors governing diffusion and relaxation
rates. Equations (7.1)—(7.3) are special cases of (7.4) corresponding to
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Table 7.1 Release exponent n of the Peppas equation and drug release mechanism from
polymeric-controlled delivery systems with different geometries

Thin film Exponent, n cylinder Sphere Drug release mechanism
0.5 0.45 0.43 Fickian diffusion
05<n<1.0 0.45 <n < 0.89 043 <n < 0.85 Anomalous transport
1.0 0.89 0.85 Polymer swelling

predominantly swelling controlled drug release from slabs, cylinders, and spheres.
Table 7.1 lists the respective n values. Caution should be paid that no other
phenomena, e.g., limited drug solubility or inhomogeneous initial drug distribution,
are of importance, as they may lead to similar n values as pure swelling control.

If diffusional mass transport (e.g., of dissolved drug or water) is the dominant
drug release mechanism, then similar equations can be obtained (being simplified
approximate solutions of Fick’s law of diffusion): n = 0.5 for thin films with
negligible edge effects, n = 0.45 for cylinders, and n = 0.43 for spheres
(Table 7.1). However, again caution should be paid because the superposition of
other phenomena besides pure diffusion might occasionally lead to the comparable
n-values [8]. When n values are observed between 0.5 and 1 for slabs, 0.45 and 0.89
for cylinders, and 0.43 and 0.85 for spheres, diffusional mass transport and polymer
chain relaxation may both be rate controlling processes. In such cases, transport is
commonly called “anomalous.”

7.3 Moving Boundaries

If the polymer chains are soluble in water, erosion might also play a significant rate-
controlling role for drug release. Upon contact with aqueous media, liquid
penetrates into the system, leading to steadily increasing water concentrations. As
soon as the water content is high enough, the polymer chains start to disentangle
from the network and diffuse through the liquid unstirred boundary layer
surrounding the device into the surrounding fluid. Figure 7.5 schematically
illustrates these processes: in the dry state, the polymer chains are highly entangled
and exhibit low mobility. Upon contact with aqueous media, water content signifi-
cantly increases, resulting in increased macromolecular mobility, and the chains
start to perform reptational (snake-like) motions through each other. Due to these
movements, polymer chains disentangle at certain positions and re-entangle at
others. If the water content is high enough (polymer content low enough), then
the number of disentanglements exceeds the number of new entanglements, and the
network erodes into the bulk fluid. The front separating the bulk fluid and the
system is called the “erosion front.”

The black diamonds in Fig. 7.5 represent nondissolved drug particles, whereas
the crosses represent dissolved, individual drug molecules. Often, the incorporated
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bulk fluid swollen network non-swollen network

erosion front swelling front

Fig. 7.5 Schematic presentation of a drug-loaded polymeric network in the nonswollen state (fop)
and upon liquid penetration into the system (bottom). If the polymer is soluble in water, an erosion
front separates the bulk fluid from the swollen polymeric network. Crosses represent dissolved
drug molecules, black diamonds nondissolved drug particles

drug is initially present in the form of solid particles inside a polymeric matrix,
e.g., as drug crystals and/or amorphous aggregates. Upon contact with aqueous
fluids, these particles start to dissolve. The kinetics of this process can be described
using the Noyes—Whitney equation [9]. When the drug dissolution step is much
more rapid than the other mass transport steps, it can be considered as being
essentially instantaneous when predicting release rate. Figure 7.5 shows a sche-
matic illustration of the different zones, which can be distinguished in this type of
swellable drug delivery systems: drug particles (black diamonds) are incorporated
in the initially dry polymeric network, which is dense and poorly permeable
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(upper cartoon). Upon contact with aqueous media, water diffuses into the system,
resulting in: (1) polymer swelling and (2) drug dissolution. Once dissolved, the
drug molecules (crosses) diffuse out into the release medium. If the polymer is
water soluble, polymer dissolution takes place at the system’s surface and two
moving boundaries can be distinguished: (1) the erosion front, separating the bulk
fluid and the delivery device and (2) the swelling front, separating the swollen
polymeric network containing only dissolved drug and the still dry polymeric
network containing drug particles. (The terms “swelling front” and “swelling
zone” are often used as synonyms.) The swelling front continuously moves inward
upon contact with the release medium, whereas the erosion front generally first
moves outward due to system swelling, and then inward due to subsequent erosion
of swollen polymer.

When drug loading greatly exceeds its solubility in the swollen network, not all
of the drug can instantaneously dissolve: dissolved and nondissolved drug now
coexist in the swollen polymeric network, as illustrated in Fig. 7.6. In this case, a
third moving boundary, called the “diffusion front” is present. Only dissolved drug
(crosses) is available for diffusion, whereas nondissolved drug excess (black
diamonds) is not able to diffuse. In most cases, the existence of the diffusion
front is due to the limited solubility of the drug, an equilibrium property, and not
to a kinetic limitation in the dissolution process. Consequently, drug molecules that
diffuse out of the swollen polymeric network are rapidly replaced by partial
dissolution of the remaining drug excess, as discussed in the lead up to the Higuchi
equation in Chap. 6.

Colombo et al. [10] reported a very nice example of a system allowing experi-
mental observation of these different fronts and their movements. The idea is to use
a drug, which changes its color depending on its physical state. Buflomedil pyri-
doxal phosphate is such a drug: its dry particles are light yellow, whereas
concentrated drug solutions are orange and less concentrated drug solutions are
yellow. Different amounts of this drug were incorporated into hydroxypropyl
methylcellulose (HPMC) tablets, which were placed between two transparent
Plexiglas plates and exposed to distilled water in a USP paddle apparatus. At
predetermined time points, photographs were taken. Figure 7.7 shows an example
of such a picture, illustrating a tablet initially containing 60% buflomedil pyridoxal
phosphate after a 4-h exposure to water. As it can be seen, the still dry tablet core
(white) can be easily distinguished from the swollen tablet region, still containing
nondissolved drug particles (light yellow). The swelling front separates these two
regions. The diffusion front is also clearly visible, separating the swollen region
containing dissolved and nondissolved drug from the swollen region containing
only dissolved drug (orange). Even the decrease in the buflomedil pyridoxal
phosphate concentration within the swollen tablet region containing only dissolved
drug can be nicely observed (orange to yellow to transparent). Finally, the erosion
front separating the bulk fluid from the swollen tablet region is readily visible.
Using this experimental setup, the movements of these fronts during drug release
can be described in a quantitative manner, allowing deeper insight into the impor-
tance of the contributing physical phenomena.
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non-swollen network

bulk fluid swollen network non-swollen network

erosion front diffusion front swelling front

Fig. 7.6 Schematic presentation of a drug-loaded, polymeric network in the nonswollen state
(top) and upon liquid penetration into the system (bottom). The drug is present as solid particles
(black diamonds, e.g., crystals or amorphous aggregates) and as dissolved molecules (crosses). An
additional front can be distinguished: the diffusion front, separating the swollen network
containing only dissolved drug and the swollen network containing dispersed and dissolved drug

7.4 Mechanistic Mathematical Theories

Different mathematical theories have been proposed to model drug release from
swelling controlled drug delivery systems [11, 12]. An interesting early theory for
polymeric tablets, considering: (1) water diffusion, (2) drug diffusion, (3) polymer
swelling, (4) a moving swelling front, and (5) a moving “bulk fluid-tablet” front,
was presented by Peppas et al. [13]. The model allows quantitative prediction of
drug and water concentration—position profiles at arbitrary time points following
exposure of a uniformly loaded, planar dosage form, with release occurring through
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Erosion Front Swelling Front
Light yellow
drug particles
Dry tablet core More concentrated
e

drug solution

\ Less concentrated

drug solution

Diffusion Front

Fig.7.7 Photograph of an HPMC matrix tablet loaded with buflomedil pyridoxal phosphate upon
a 4-h exposure to distilled water. The tablet was fixed between two Plexiglas disks; the ensemble
was placed in a USP dissolution apparatus 2. Drug particles are light yellow; drug solutions are
orange to yellow (with decreasing concentration). The use of this colored drug allows visualizing
the positions of the swelling and diffusion fronts (indicated in the diagram). Adapted from ref. [10]

one planar face. Predictions were in good agreement with experimental results
obtained with HPMC-based matrix tablets containing KCl as a model drug.

The experimental setup illustrated in Fig. 7.8 was used to expose tablets
prepared by direct compression to a well stirred 0.1 N HCI bath at 37°C. Tablets
were fixed in Plexiglas holders so that water penetration into the system and drug
release out of the device were restricted to one surface only. At predetermined time
points, tablets were removed, deep frozen, and cut in a microtome. The obtained
250 pm thick slices were analyzed for their water, polymer, and KCl content.
Figure 7.8 shows an example for the experimentally determined composition of
the swollen region of such tablets after a 5-h exposure to 0.1 N HCI (symbols). The
“bulk fluid-tablet” interface is located on the left-hand side, and the still dry tablet
region on the right-hand side. As can be seen, the water content steeply decreases
from the tablet surface toward the dry tablet side (filled circles). In contrast, the KC1
(filled squares) and HPMC (filled triangles) contents significantly increase in the
swollen tablet region in the direction of the dry part of the system. The solid curves
in Fig. 7.8 show the theoretically calculated water and KCI concentration—position
profiles in the system at this time point. Good agreement between the theory and the
experiments was obtained (symbols and solid curves in Fig. 7.8).

Later, Siepmann, and Peppas developed the so-called “sequential layer model”
in order to quantify drug release from hydrophilic, cylindrical matrix tablets
[14—17], taking into account the following phenomena.
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Symbols = experimental data
Solid curves = mathematical model

Compound
quantity 14}
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mg H>O/mg solid
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Bulk fluid-tablet swollen tablet non-swollen tablet

interface

Fig. 7.8 Experiment and theory: On the left-hand side, the experimental setup used by Peppas
et al. [13] to monitor water and KCl transport in HPMC matrix tablets (fixed in a Plexiglas holder)
is schematically illustrated. On the right-hand side, the experimentally measured water, HPMC,
and KCI concentration—position profiles in the systems after a 5-h exposure to the release medium
are shown as symbols. The solid curves show the theoretically calculated water and KCl profiles,
according to their model. Adapted from ref. [13]

1. Upon exposure to the release medium, steep water concentration gradients are
formed at the “bulk fluid-tablet” interface, resulting in water diffusion into the
device. This mass transport step is described considering: (1) the exact geometry
of the system; (2) axial and radial diffusion within the cylinders; and (3)
significant dependence of the water diffusion coefficient on the degree of
swelling of the polymeric network.

2. Due to the penetration of water into the tablet, the hydrophilic polymer HPMC
swells, resulting in significant changes in the polymer and drug concentrations
and in increasing system dimensions.

3. Upon contact with water, the drug dissolves and diffuses out of the tablet into the
bulk fluid.

4. With increasing water content, the diffusion coefficient of the drug significantly
increases.

5. In the case of drugs with limited water solubility, dissolved and nondissolved
drug coexist within the tablet. Only dissolved drug is considered to be able to
diffuse.

6. Given high initial drug loadings, the inner structure of the tablet significantly
changes during drug release, becoming more porous and less restrictive for
diffusional mass transport.

7. Depending on the chain length and degree of substitution of the hydrophilic
polymer, the latter dissolves more or less rapidly.
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The resulting set of partial differential equations is rather complex and no
analytical solution can be derived. Instead, the model can be solved numerically,
e.g., using finite differences. For details, the reader is referred to the literature
[14, 18]. Briefly, derivatives are approximated by finite differences to simplify the
equations. The introduced error is negligible if the considered time and position
steps are sufficiently small. A standard personal computer can perform the
required calculations very rapidly, when drug is initially homogeneously
distributed within the tablet, since the system is then highly symmetric. Alterna-
tively, finite element multiphysics platforms, such as COMSOL®, can be used to
integrate model equations.

Figure 7.9a shows a schematic of a cylindrical tablet. Since drug is uniformly
loaded and the system is cylindrically symmetric, there are no angular (6) gradients
in concentration, and this coordinate can be neglected. It is, therefore, sufficient to
calculate the changes in water, drug, and polymer concentration in the highlighted
two-dimensional rectangle to describe the mass transport processes occurring in the
upper half of the tablet (Fig. 7.9b). Due to the symmetry plane at z = 0, transport
processes above and below this plane are “mirror images,” so only z > 0 needs to be
considered. In order to account for the swelling of the matrix, beginning at the
interface with the bulk fluid, onion-like “sequential layers” are considered, as
illustrated in Fig. 7.9c. Upon contact with water, the outermost tablet layer starts
to swell. With time, water penetrates into the deeper tablet layers, which then swell.
Polymer dissolution at the interface “tablet-release medium” is taken into account
according to reptation theory [19]. The critical polymer concentration, below which
macromolecular chain disentanglement from the network occurs, can be determined
according to Ju et al. [20-22], as a function of the average polymer molecular
weight: with increasing chain length, the degree of entanglement increases. Thus,
higher water contents are required to induce macromolecular disentanglement and
matrix dissolution. In other words, the polymer disentanglement concentration
decreases with increasing polymer molecular weight, as illustrated in Fig. 7.10.

Radial and axial transport of water and drug in the cylindrical tablets are
quantified according to Fick’s second law of diffusion and taking into account
time- and position-dependent diffusion coefficients [18]:

dck . 1(0 dck 0 Jcy
B (2 5) ra () 7

Here, ¢, and D, are the concentration and diffusion coefficient of the diffusing
species (k = 1 for water, kK = 2 for the drug), respectively; r and z represent the
radial and axial coordinates, and ¢ denotes time. The dependence of the diffusivities
on the water content of the system is considered using a Fujita type [23]

relationship:
¢
Dk :DkA,criteXp{_Bk(l —Cll')}’ (76)
crit
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Fig. 7.9 Schematic
presentations of: (a)
cylindrical HPMC tablet for
mathematical analysis; (b) the
symmetry planes, which can
help to facilitate the
mathematical modeling; and
(c) the “sequential layer”
structure considered in the
mathematical theory
proposed by Siepmann et al.
[14]. Reprinted from ref. [14],
with permission from
Elsevier
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Fig. 7.10 Dependence of the polymer disentanglement concentration (polymer concentration,
below which polymer chain disentanglement starts) on the average polymer molecular weight of
HPMC. The symbols represent experimentally measured results, obtained with commercially
available products. Adapted from ref. [21]

where f§; and f, are dimensionless constants characterizing the dependence of the
water and drug diffusivity on the degree of tablet swelling; D . and D5 . are
the diffusion coefficients of water and drug at the bulk fluid-tablet interface,
where polymer chain disentanglement occurs. The model assumes that there is no
volume contraction upon mixing of drug, polymer, and water so that the total
volume of the system is given by the sum of the volumes of the single components
at all time points. For the definition of the boundary conditions, the water concen-
tration at the surface of the matrix, ¢4, is calculated from the polymer disentan-
glement concentration [20, 21, 24-26], and the drug concentration at the surface of
the tablet is assumed to be equal to zero (perfect sink condition). Due to the mirror
image assumption, concentration gradients at z = 0 are taken to be zero.
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Fig. 7.11 Mathematical modeling of drug release from HPMC matrix tablets: theoretical predic-
tion (curves, calculated using the “sequential layer model”) of the effects of varying the tablet
radius on the: (a) relative amount of theophylline released, (b) absolute amount of theophylline
released as a function of the exposure time to phosphate buffer, pH 7.4. The symbols represent the
independent experimental results. The initial tablet height was 2.6 mm in all cases; the initial tablet
radius was varied from 1 mm (filled diamonds) to 4 mm (open circles) to 6.5 mm (filled triangles).
Reprinted from ref. [27], with permission from Elsevier
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The sequential layer model has been shown to be applicable to different types
of hydrophilic matrix tablets, enabling further insight into the underlying drug
release mechanisms. The model also allows for the quantitative prediction of the
effects of formulation parameters on the resulting drug release rate [27]. One
example of such a prediction is illustrated in Fig. 7.11, in which the sequential
layer model was used to predict the impact of varying the initial radius of HPMC-
based matrix tablets loaded with 50% theophylline on the resulting drug release
kinetics in phosphate buffer, pH 7.4. The curves show the theoretically predicted
release profiles from tablets with an i